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Radiative B Decays

b s

W
t

γ

q q

B Xs

“radiative penguin”

Sensitive to new physics
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Flavor-Changing Neutral Current
• Absent at tree-level in SM
• Dominated by W-t loop
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Radiative Baryonic B Decays
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B
(

B−

→ Λpγ
)

= (2.5 ± 0.4 ± 0.2) × 10−6

Cheng and Yang, Phys. Lett. B533, 271 (2002): ~ 1.2 ! 10!6 

Geng and Hsiao, Phys. Lett. B610, 67 (2005): ~ 1.0 ! 10!6 
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Theoretical Predictions
• Predict baryonic B-meson branching fractions from 

various models:

• Pole model, diquark model, QCD sum rules, etc. ...

• Early 90s predictions were much too large 
[e.g., B " #c p theory: O(10!3), meas: 2 ! 10!5]

• Need experiments to help distinguish models
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Features of Baryonic 
B Decays

• Decay Rates: 
lower Q-value ! higher BF

e.g., Charmed baryonic B decays: 
BF(2-body):(3-body):(4-body) ~ 1:10:100

• Threshold enhancement:
peak near threshold in 
baryon-antibaryon system

B (B− → Λ+
c
pπ−)

B
(

B0 → Λ+
c p

) = 16.4 ± 2.9 ± 1.4 6

est (2.85<mpp̄<3.15 GeV/c2), shown in Fig. 3(inset), to
improve the statistical uncertainties on the pp̄K+ signal
and combinatorial background yield. The ηc peak is de-
scribed by a convolution of a Breit-Wigner distribution
and a Gaussian distribution, and the J/ψ peak by a sum
of two Gaussian distributions with a common mean. The
shapes are obtained from MC simulation. The width of
the broader J/ψ Gaussian distribution and ratio of areas
of the two J/ψ Gaussian distributions are constrained in
the fit to their MC values. A common width is used for
the narrow Gaussian distributions for J/ψ and ηc and is a
free parameter in the fit. The pp̄K+ signal and combina-
torial background distributions are modeled by a linear
function of mpp̄. The inset of Fig. 3 shows this fit, which
results in 114+15

−14 ηc events and 137+13
−12 J/ψ events. Cor-

recting for the detection efficiency of (26.9 ± 0.2)%, we
find B(B+ → ηcK+)×B(ηc → pp̄) = (1.8+0.3

−0.2±0.2)×10−6

and B(B+ → J/ψK+)×B(J/ψ → pp̄) = (2.2±0.2±0.1)×
10−6 in agreement with the accepted values [13]. The fit
yields a total ηc width of Γ(ηc)=25+6

−5±3 MeV/c2 consis-
tent with the current values [13] and a mass resolution of
5.7 ± 0.4 MeV/c2 in agreement with MC expectations.

The mpp̄ fit yields 88±6 pp̄K+ signal and combina-
torial background events in the charmonium region (see
Fig. 3). In this region, the latter contribution is esti-
mated from the ∆E fit to be 53±5 events, resulting in
a non-charmonium pp̄K+ signal of 35±8 events. The
contribution from higher-mass charmonium modes is es-
timated to be 24±5 events from the accepted [13] val-
ues for their branching fractions. Adding the pp̄K+ sig-
nal yield obtained from the ∆E fits outside the “char-
monium” region with non-charmonium pp̄K+ signal in
the “charmonium” region, and subtracting the contribu-
tion of the higher mass charmonium modes results in
a total non-charmonium signal yield of 433±33 events.
Correcting the signal yield for efficiency in each of the
mpp̄ bins and normalizing to the number of B+ mesons
in the data sample results in a total branching fraction
of B(B+ → pp̄K+) = (6.7 ± 0.5 ± 0.4) × 10−6 with
charmonium decays to pp̄ excluded. Figure 4 shows the
background-subtracted and efficiency-corrected pp̄ mass
spectrum and the expectation for a three-body phase-
space decay. The existence of a low-mass enhancement
in the pp̄ mass as previously observed by Belle [2] is con-
firmed.

The charge asymmetry is defined as
Ach=(NB−−NB+)/(NB−+NB+), where NB± is the
number of B±→pp̄K± events. We use the same fitting
procedure as for the branching fraction measurement,
and find Ach=−0.16+0.07

−0.08 ± 0.04 for mpp̄<2.85 GeV/c2.
For the remainder of this paper to increase the sig-

nal purity, only events in the narrow signal and mES-
sideband regions are considered. After selecting the B
candidates, we perform a kinematic fit for each B candi-
date, fixing its mass and energy to their known values.

We study the dynamics of the three-body decay by
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FIG. 4: Efficiency-corrected yield of B+
→ pp̄K+ events as

a function of mpp̄ in data (points) and in three-body phase-
space signal MC (histogram). Errors shown are statistical
only.
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FIG. 5: Dalitz plot of data in the narrow signal region, and
sideband region (inset). These distributions are not efficiency-
corrected. The lines show the positions of the prominent char-
monium backgrounds, from left to right ψ′, χc2,1,0, J/ψ, ηc.
The sideband contains about eight times more combinatorial
events than are expected in the signal region.

constructing signal and sideband Dalitz plots (Fig. 5).
There are 780 (1661) events in the signal (sideband) re-
gion. The sideband contains about eight times more com-
binatorial events than the signal region. The Dalitz plot
for the signal region shows the threshold enhancement in
the pp̄ mass spectrum, as well as clear diagonal bands
corresponding to ηc, J/ψ and ψ′ decays.

To study the mpK+ and mp̄K+ asymmetry, we divide
the Dalitz plot along the mpK+ = mp̄K+ line (dashed
line in Fig. 5) and each of the two halves is projected



Qualitative Explanation

Baryon (B) production is favored when 
there is “reduced energy release” from the 

baryon-antibaryon system

10

B " B B
mBB = mB

suppressed

B " B B M
mBB < mB

recoil meson M 
carries away energy

favored

W.-S. Hou and A. Soni, PRL 86, 4247 (2001).
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Outline
Results from BABAR....

•  

•  

•  

•  

B → ppK

B → D(∗)pp(π)

B → Λpπ

B → Λcp(π)
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BABAR

e! (9 GeV)

e+ (3.1 GeV)

Silicon Vertex 
Tracker

5 double-sided 
layers

Drift Chamber
40 layers

Cherenkov 
Detector

144 quartz bars, 
11,000 PMTs

1.5 T Solenoid
(superconducting)

Instrumented 
Flux Return

(18－19 layers)

Calorimeter
(6580 CsI(Tl) crystals)
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Silicon Vertex Tracker
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PEP-II/BABAR Performance

e
+
e
−

→ Υ (4S) → BB

383 × 106
BB pairsData set:
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Kinematics
∆E = E∗

B −

√

s/2

mES =
√

((s/2 + pi · pB)2/E2
i
− p2

B
)



•   

•  

•  

•  

B → D(∗)pp(π)

B → Λpπ

B → Λcp(π)

B → ppK
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With a sample of 232×106 Υ (4S) → BB̄ events collected with the BABAR detector, we study
the decay B+

→ pp̄K+ excluding charmonium decays to pp̄. We measure a branching fraction
B(B+

→ pp̄K+)=(6.7±0.5±0.4)×10−6 . An enhancement at low pp̄ mass is observed and the Dalitz
plot asymmetry suggests dominance of the penguin amplitude in this B decay. We search for a
pentaquark candidate Θ∗++ decaying into pK+ in the mass range 1.43 to 2.00 GeV/c2 and set
limits on B(B+

→ Θ∗++p̄) × B(Θ∗++
→ pK+) at the 10−7 level.

PACS numbers: 13.25.Hw, 12.15.Hh, 11.30.Er

This paper describes a measurement of the branch-
ing fraction of the baryonic three-body decay B+ →
pp̄K+ [1] (excluding charmonium decays to pp̄) and a
study of its resonant substructure. An earlier measure-
ment [2] of the branching fraction for this channel gave
(5.7+0.7

−0.6± 0.7)×10−6. This channel is interesting for the
dynamical information in the distribution of the three
final-state particles and for the possible presence of ex-
otic [3], [4] intermediate states. We also isolate decays
B+ → Xcc̄K+, where Xcc̄ = ηc and J/ψ decaying to pp̄,
and measure the width of the ηc.

An important feature of this decay is an enhancement
at low pp̄ masses reported in Ref. [2], similar to those that
have been observed in several other baryonic decays of
B [5] and J/ψ [6]. This could be a feature of a quasi-two-
body decay in which the pp̄ system is produced through
an intermediate gluonic resonance [3] (Fig. 1(c)). It could
also be that the decay is a pure three-body process and
that the enhancement results from the short-range corre-
lations between p and p̄ in the fragmentation chain [7], [8].
Rosner suggested [9] that it is possible to distinguish
the fragmentation or gluonic resonance mechanisms by
studying the distribution of events in the Dalitz plot.

The main Feynman diagrams for this decay are pre-
sented in Fig. 1. The leading diagrams [8] are a penguin
diagram and a doubly Cabibbo-Kobayashi-Maskawa-
suppressed tree diagram shown in Fig. 1(a,b). There
is also an Okubo-Zweig-Iizuka-suppressed penguin dia-
gram shown in Fig. 1(c), where the pp̄ pair is created
through a pair of gluons (or a gluonic resonance). There
are four additional color-suppressed diagrams [8]: two
tree diagrams with an internal W+-emission and a W+-
annihilation and two penguin diagrams with an internal
gluon-emission that are expected to be small. If the pp̄
system is produced independently of the K+ through a
tree diagram with an external W+-emission (Fig. 1(b))
or a penguin with an external gluon-emission (Fig. 1(c)),
i.e. the pp̄ quark lines are not associated with the s̄ or
u quarks in the K+, then the distributions mpK+ and
mp̄K+ should be identical. If the u quark in the K+ is
associated with a ū quark in a p̄ (Fig. 1(a)), larger val-
ues of mpK+ are favored over those of mp̄K+ [9]. Thus a
study of the Dalitz plot provides insight not only into the

FIG. 1: The main Feynman diagrams for the non-resonant
B+

→ pp̄K+ decay: (a) leading penguin diagram, (b) lead-
ing tree diagram (external W +-emission), (c) Okubo-Zweig-
Iizuka-suppressed penguin diagram.

dominant mechanism of this decay but also into whether
the penguin or the tree amplitude is dominant.

This paper is organized as follows: first we describe
the event selection and the branching-fraction measure-
ment. Then we describe the pp̄ mass spectrum and the
measurement of the ηc width. We examine the Dalitz
plot for an asymmetry between the distributions in mpK+

and mp̄K+ . In the final section we describe searches for
B+ → pΛ̄(1520) → p(p̄K+) decay and for the hypothe-
sized I = 1, I3 = 1 pentaquark state Θ∗++ (a member of
the baryon 27-plet with quark content uuuds̄) in the de-
cay B+ → Θ∗++p̄ → (pK+)p̄. The Θ∗++ mass has been
predicted [10] to lie in the region 1.43 − 1.70 GeV/c2.

The analysis uses 232×106 Υ (4S) → BB̄ decays col-
lected with the BABAR detector [11] at the PEP-II e+e−

storage ring. Charged tracks are measured by a five-layer
silicon vertex tracker (SVT) and a 40-layer drift-chamber
(DCH) in a 1.5-T solenoidal magnetic field. A Cherenkov
radiation detector (DIRC) is used for charged-particle
identification. The CsI(Tl) electromagnetic calorimeter
detects photon and electron showers. To identify kaons
and protons we use dE/dx measurements in the SVT
and DCH, and the pattern of Cherenkov photons in
the DIRC. The proton efficiency is 93% with 9% kaon
misidentification probability. The kaon efficiency is 87%
with 2% pion misidentification probability.

B+
→ ppK+

penguin tree

OZI-suppressed 
penguin

17

BABAR: PRD RC 72, 051101 (2005)
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ResultsB+
→ ppK+

5

We use the kinematic constraints of B-meson pair-
production at the Υ (4S) to identify the B+ → pp̄K+

signal. Two independent variables are calculated for each
pp̄K+ candidate: mES = [(E2

cm/2+p0 ·pB)2/E2
0−p

2
B]1/2

and ∆E = E∗
B − Ecm/2, where Ecm is the total center-

of-mass energy, the subscripts 0 and B refer to the initial
Υ (4S) and to the B candidate, respectively, and the as-
terisk denotes the Υ (4S) frame. The resolutions on ∆E
and mES are about 17 MeV and 2.6 MeV/c2, respectively.

Backgrounds arise primarily from random combina-
tions in continuum events (e+e− → qq̄, where q =
u, d, s, c). These events are collimated along the origi-
nal quark directions and can be distinguished from more
spherical BB̄ events with a Fisher discriminant (F) [12],
a linear combination of four event-shape variables. The
four variables are cosθ∗thr, the angle between the thrust
axis of the reconstructed B and the beam axis; cosθ∗mom,
the angle between the momentum of the reconstructed
B and the beam axis; and the zeroth and second Legen-
dre polynomial momentum moments, L0 =

∑
i |p∗

i | and
L2 =

∑
i |p∗

i |[(3 cos2 θ∗thrB,i
−1)/2], where p

∗
i are the mo-

menta of the tracks and neutral clusters not associated
with the B candidate and θ∗thrB,i

is the angle between p
∗
i

and the thrust axis of the B candidate. The event selec-
tion is optimized assuming the previously measured value
of the branching fraction [2] to maximize s/

√
s + b, where

s and b are the expected number of signal and back-
ground events, respectively. The event selection retains
66% of signal events while removing 93% of continuum
background.

The resulting distribution of events in the mES−∆E
plane is shown in Fig. 2. A clear signal is ob-
served at the B mass and ∆E=0. Potential back-
grounds are studied with Monte Carlo (MC) simula-
tion [14]. The combinatorial background is expected
to come predominantly (89%) from continuum events.
Background events in the signal region arise mostly
from B+ →Xcc̄(pp̄)K+, where Xcc̄ = ηc, J/ψ, ψ′, χc0,1,2

(the charmonium background), while non-charmonium
B backgrounds are expected to be negligible. The
signal and sideband regions are defined to be “wide”
(5.27 < mES<5.29 GeV/c2 and 5.20<mES<5.26 GeV/c2,
|∆E|<50 MeV) for the charmonium background stud-
ies and “narrow” (5.276<mES<5.286 GeV/c2 and
5.20<mES<5.26 GeV/c2, |∆E|<29 MeV) for the Dalitz
plot study.

To extract the pp̄K+ signal yield, we fit the
∆E distributions for candidates that lie in the
5.27<mES<5.29 GeV/c2 region separately in nine bins
of mpp̄. The size of the bins is shown in Fig. 3. We use
a linear function for the background and a double Gaus-
sian distribution for the signal. The widths and means
of the Gaussian distributions and their relative areas are
fixed to values obtained from MC simulation, which is
also used to calculate the detection efficiency (εmpp̄

) in
each mpp̄ bin. Across the allowed kinematic region, εmpp̄
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FIG. 2: Distribution of ∆E versus mES for the pp̄K+ candi-
dates in data. The solid (dashed) lines define the wide (nar-
row) signal and sideband regions.
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FIG. 3: The mpp̄ distribution for data in the wide signal
(points) and sideband (shade) regions. The sideband his-
togram is scaled to the expected number of the combinatorial
background events in the signal region.

declines smoothly from 30% at threshold to 24% at the
highest mass. The ∆E fits for mpp̄ below 2.85 GeV/c2

yield 343+27
−26 signal events. From the known number of

charged B mesons in the sample, the branching fraction
for mpp̄ below the ηc mass is measured to be B(B+ →
pp̄K+; mpp̄<2.85 GeV/c2) = (5.3 ± 0.4 ± 0.3) × 10−6.

An estimate of the number of charmonium events
in the mpp̄>2.85 GeV/c2 region is required to deter-
mine the total non-charmonium branching fraction. To
minimize the systematic error on that quantity, we
fit the mpp̄ spectrum for the number of the non-
charmonium events in the primary “charmonium” region
(2.85<mpp̄<3.15 GeV/c2). To improve the pp̄ mass res-
olution in the mpp̄ fit, we perform a kinematic fit fixing
the mass and energy of each B candidate in the wide
signal and sideband regions to their known values. The
mpp̄ distribution is shown in Fig. 3, where prominent
signals for the ηc and J/ψ decaying into pp̄ are visible.
The region used in the mpp̄ fit, 2.4<mpp̄<3.4 GeV/c2,
is chosen wider than the “charmonium” region of inter-

232M BB pairsdata

sideband signal
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We use the kinematic constraints of B-meson pair-
production at the !!4S" to identify the B# ! p "pK#

signal. Two independent variables are calculated for
each p "pK# candidate: mES $ %!E2

cm=2# p0 & pB"2=E2
0 '

p2
B(1=2 and #E $ E)

B ' Ecm=2, where Ecm is the total
center-of-mass energy, the subscripts 0 and B refer to the
initial !!4S" and to the B candidate, respectively, and the
asterisk denotes the !!4S" frame. The resolutions on #E
and mES are about 17 MeV and 2:6 MeV=c2, respectively.

Backgrounds arise primarily from random combinations
in continuum events (e#e' ! q "q; where q $ u; d; s; c).
These events are collimated along the original quark direc-
tions and can be distinguished from more spherical B "B
events with a Fisher discriminant (F ) [11], a linear combi-
nation of four event-shape variables. The four variables are
cos!)thr, the angle between the thrust axis of the recon-
structed B and the beam axis; cos!)mom, the angle between
the momentum of the reconstructed B and the beam
axis; and the zeroth and second Legendre polynomial
momentum moments, L0 $

P
ijp)

i j and L2 $P
ijp)

i j%!3cos2!)thrB;i ' 1"=2(, where p)
i are the momenta

of the tracks and neutral clusters not associated with the
B candidate and !)thrB;i is the angle between p)

i and the
thrust axis of the B candidate. The event selection is
optimized assuming the previously measured value of the
branching fraction [1] to maximize s=

!!!!!!!!!!!!
s# b

p
, where s and

b are the expected number of signal and background
events, respectively. The event selection retains 66% of
signal events while removing 93% of continuum
background.

The resulting distribution of events in the mES'#E
plane is shown in Fig. 2. A clear signal is observed at the
B mass and #E $ 0. Potential backgrounds are studied
with Monte Carlo (MC) simulation [12]. The combinato-
rial background is expected to come predominantly (89%)
from continuum events. Background events in the signal
region arise mostly from B# ! Xc "c!p "p"K#, where Xc "c $

"c; J= ;  0;#c0;1;2 (the charmonium background), while
noncharmonium B backgrounds are expected to be negli-
gible. The signal and sideband regions are defined to be
‘‘wide’’ (5:27<mES < 5:29 GeV=c2 and 5:20<mES <
5:26 GeV=c2; j#Ej< 50 MeV) for the charmonium
background studies and ‘‘narrow’’ (5:276<mES <
5:286 GeV=c2 and 5:20<mES < 5:26 GeV=c2; j#Ej<
29 MeV) for the Dalitz plot study.

To extract the p "pK# signal yield, we fit the #E distri-
butions for candidates that lie in the 5:27<mES <
5:29 GeV=c2 region separately in nine bins of mp "p (see
Fig. 3). The size of the bins is shown in Fig. 4. We use a
linear function for the background and a double Gaussian
distribution for the signal. The widths and means of the
Gaussian distributions and their relative areas are fixed to
values obtained from MC simulation, which is also used to
calculate the detection efficiency ("mp "p

) in each mp "p bin.
Across the allowed kinematic region, "mp "p

declines
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FIG. 2. Distribution of #E versus mES for the p "pK# candi-
dates in data. The solid (dashed) lines define the wide (narrow)
signal and sideband regions.
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→ ppK+
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We use the kinematic constraints of B-meson pair-
production at the Υ (4S) to identify the B+ → pp̄K+

signal. Two independent variables are calculated for each
pp̄K+ candidate: mES = [(E2

cm/2+p0 ·pB)2/E2
0−p

2
B]1/2

and ∆E = E∗
B − Ecm/2, where Ecm is the total center-

of-mass energy, the subscripts 0 and B refer to the initial
Υ (4S) and to the B candidate, respectively, and the as-
terisk denotes the Υ (4S) frame. The resolutions on ∆E
and mES are about 17 MeV and 2.6 MeV/c2, respectively.

Backgrounds arise primarily from random combina-
tions in continuum events (e+e− → qq̄, where q =
u, d, s, c). These events are collimated along the origi-
nal quark directions and can be distinguished from more
spherical BB̄ events with a Fisher discriminant (F) [12],
a linear combination of four event-shape variables. The
four variables are cosθ∗thr, the angle between the thrust
axis of the reconstructed B and the beam axis; cosθ∗mom,
the angle between the momentum of the reconstructed
B and the beam axis; and the zeroth and second Legen-
dre polynomial momentum moments, L0 =

∑
i |p∗

i | and
L2 =

∑
i |p∗

i |[(3 cos2 θ∗thrB,i
−1)/2], where p

∗
i are the mo-

menta of the tracks and neutral clusters not associated
with the B candidate and θ∗thrB,i

is the angle between p
∗
i

and the thrust axis of the B candidate. The event selec-
tion is optimized assuming the previously measured value
of the branching fraction [2] to maximize s/

√
s + b, where

s and b are the expected number of signal and back-
ground events, respectively. The event selection retains
66% of signal events while removing 93% of continuum
background.

The resulting distribution of events in the mES−∆E
plane is shown in Fig. 2. A clear signal is ob-
served at the B mass and ∆E=0. Potential back-
grounds are studied with Monte Carlo (MC) simula-
tion [14]. The combinatorial background is expected
to come predominantly (89%) from continuum events.
Background events in the signal region arise mostly
from B+ →Xcc̄(pp̄)K+, where Xcc̄ = ηc, J/ψ, ψ′, χc0,1,2

(the charmonium background), while non-charmonium
B backgrounds are expected to be negligible. The
signal and sideband regions are defined to be “wide”
(5.27 < mES<5.29 GeV/c2 and 5.20<mES<5.26 GeV/c2,
|∆E|<50 MeV) for the charmonium background stud-
ies and “narrow” (5.276<mES<5.286 GeV/c2 and
5.20<mES<5.26 GeV/c2, |∆E|<29 MeV) for the Dalitz
plot study.

To extract the pp̄K+ signal yield, we fit the
∆E distributions for candidates that lie in the
5.27<mES<5.29 GeV/c2 region separately in nine bins
of mpp̄. The size of the bins is shown in Fig. 3. We use
a linear function for the background and a double Gaus-
sian distribution for the signal. The widths and means
of the Gaussian distributions and their relative areas are
fixed to values obtained from MC simulation, which is
also used to calculate the detection efficiency (εmpp̄

) in
each mpp̄ bin. Across the allowed kinematic region, εmpp̄
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row) signal and sideband regions.
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FIG. 3: The mpp̄ distribution for data in the wide signal
(points) and sideband (shade) regions. The sideband his-
togram is scaled to the expected number of the combinatorial
background events in the signal region.

declines smoothly from 30% at threshold to 24% at the
highest mass. The ∆E fits for mpp̄ below 2.85 GeV/c2

yield 343+27
−26 signal events. From the known number of

charged B mesons in the sample, the branching fraction
for mpp̄ below the ηc mass is measured to be B(B+ →
pp̄K+; mpp̄<2.85 GeV/c2) = (5.3 ± 0.4 ± 0.3) × 10−6.

An estimate of the number of charmonium events
in the mpp̄>2.85 GeV/c2 region is required to deter-
mine the total non-charmonium branching fraction. To
minimize the systematic error on that quantity, we
fit the mpp̄ spectrum for the number of the non-
charmonium events in the primary “charmonium” region
(2.85<mpp̄<3.15 GeV/c2). To improve the pp̄ mass res-
olution in the mpp̄ fit, we perform a kinematic fit fixing
the mass and energy of each B candidate in the wide
signal and sideband regions to their known values. The
mpp̄ distribution is shown in Fig. 3, where prominent
signals for the ηc and J/ψ decaying into pp̄ are visible.
The region used in the mpp̄ fit, 2.4<mpp̄<3.4 GeV/c2,
is chosen wider than the “charmonium” region of inter-

non-charmonium 
signal yield:
433 ± 35

J/ψ

ηc

B
(

B+
→ ppK+

)

tot
= (6.7 ± 0.5 ± 0.4) × 10−6
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est (2.85<mpp̄<3.15 GeV/c2), shown in Fig. 3(inset), to
improve the statistical uncertainties on the pp̄K+ signal
and combinatorial background yield. The ηc peak is de-
scribed by a convolution of a Breit-Wigner distribution
and a Gaussian distribution, and the J/ψ peak by a sum
of two Gaussian distributions with a common mean. The
shapes are obtained from MC simulation. The width of
the broader J/ψ Gaussian distribution and ratio of areas
of the two J/ψ Gaussian distributions are constrained in
the fit to their MC values. A common width is used for
the narrow Gaussian distributions for J/ψ and ηc and is a
free parameter in the fit. The pp̄K+ signal and combina-
torial background distributions are modeled by a linear
function of mpp̄. The inset of Fig. 3 shows this fit, which
results in 114+15

−14 ηc events and 137+13
−12 J/ψ events. Cor-

recting for the detection efficiency of (26.9 ± 0.2)%, we
find B(B+ → ηcK+)×B(ηc → pp̄) = (1.8+0.3

−0.2±0.2)×10−6

and B(B+ → J/ψK+)×B(J/ψ → pp̄) = (2.2±0.2±0.1)×
10−6 in agreement with the accepted values [13]. The fit
yields a total ηc width of Γ(ηc)=25+6

−5±3 MeV/c2 consis-
tent with the current values [13] and a mass resolution of
5.7 ± 0.4 MeV/c2 in agreement with MC expectations.

The mpp̄ fit yields 88±6 pp̄K+ signal and combina-
torial background events in the charmonium region (see
Fig. 3). In this region, the latter contribution is esti-
mated from the ∆E fit to be 53±5 events, resulting in
a non-charmonium pp̄K+ signal of 35±8 events. The
contribution from higher-mass charmonium modes is es-
timated to be 24±5 events from the accepted [13] val-
ues for their branching fractions. Adding the pp̄K+ sig-
nal yield obtained from the ∆E fits outside the “char-
monium” region with non-charmonium pp̄K+ signal in
the “charmonium” region, and subtracting the contribu-
tion of the higher mass charmonium modes results in
a total non-charmonium signal yield of 433±33 events.
Correcting the signal yield for efficiency in each of the
mpp̄ bins and normalizing to the number of B+ mesons
in the data sample results in a total branching fraction
of B(B+ → pp̄K+) = (6.7 ± 0.5 ± 0.4) × 10−6 with
charmonium decays to pp̄ excluded. Figure 4 shows the
background-subtracted and efficiency-corrected pp̄ mass
spectrum and the expectation for a three-body phase-
space decay. The existence of a low-mass enhancement
in the pp̄ mass as previously observed by Belle [2] is con-
firmed.

The charge asymmetry is defined as
Ach=(NB−−NB+)/(NB−+NB+), where NB± is the
number of B±→pp̄K± events. We use the same fitting
procedure as for the branching fraction measurement,
and find Ach=−0.16+0.07

−0.08 ± 0.04 for mpp̄<2.85 GeV/c2.
For the remainder of this paper to increase the sig-

nal purity, only events in the narrow signal and mES-
sideband regions are considered. After selecting the B
candidates, we perform a kinematic fit for each B candi-
date, fixing its mass and energy to their known values.

We study the dynamics of the three-body decay by
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FIG. 5: Dalitz plot of data in the narrow signal region, and
sideband region (inset). These distributions are not efficiency-
corrected. The lines show the positions of the prominent char-
monium backgrounds, from left to right ψ′, χc2,1,0, J/ψ, ηc.
The sideband contains about eight times more combinatorial
events than are expected in the signal region.

constructing signal and sideband Dalitz plots (Fig. 5).
There are 780 (1661) events in the signal (sideband) re-
gion. The sideband contains about eight times more com-
binatorial events than the signal region. The Dalitz plot
for the signal region shows the threshold enhancement in
the pp̄ mass spectrum, as well as clear diagonal bands
corresponding to ηc, J/ψ and ψ′ decays.

To study the mpK+ and mp̄K+ asymmetry, we divide
the Dalitz plot along the mpK+ = mp̄K+ line (dashed
line in Fig. 5) and each of the two halves is projected

pp Threshold Enhancement

Ach =
(NB− − NB+)

(NB− + NB+)
= −0.16+0.07

−0.08 ± 0.04

efficiency-corrected

phase space
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Fig. 7(a) and 7(b). No asymmetry is expected from varia-
tions in "mp !p

which is charge-symmetric and slowly vary-
ing with mp !p, nor from the small combinatorial
background shown in Fig. 7(a) and 7(b). The asymmetry
appears as a broad enhancement peaking at about 4 GeV in
the pK! combinations [Fig. 7(c)]. This could be an in-
dication of a correlation between quarks in !p and K! if the
B decay proceeds through a penguin diagram [Fig. 1(a)].
No quantitative theoretical description of this correlation is
available at the moment.

The two-body decay B! ! p !""1520# could also be
present in the p !pK! signal sample. The efficiency for
detection of this channel is determined in dedicated MC

simulation to be "4:7$ 0:1#%, including B"""1520# !
pK%) [13]. The m !pK! spectrum, shown in Fig. 8(a), is fit
with an ARGUS function [14] for the background and a
Breit-Wigner convolved with a double Gaussian (with a
common mean) for the ""1520# signal shape. The mass
resolutions and the ratio of areas of the Gaussians are fixed
to the values obtained from MC simulation, while we fix
the mean and the natural width to established values [13];
the endpoint of the ARGUS function is fixed to the sum of
the proton and kaon masses. An unbinned maximum like-
lihood fit [Fig. 8(a)] results in an upper limit (U.L.) on
B"B! ! p !""1520## of 1:5& 10%6 at 90% C.L. (including
a systematic error of 16%).

The search for a light #'!! pentaquark candidate
(m#'!! < 2 GeV=c2) proceeds as follows. The #'!!

width is assumed to be negligible compared to pK!

mass resolution. From B! ! p !pK! three-body phase-
space MC as well as five dedicated signal MC samples
with m#'!! ( 1:5; 1:6; 1:7; 1:8; 1:9 GeV=c2, we find the
mass resolution (!pK!) to vary from 1.0 to 3:0 MeV=c2

for 1:43<mpK! < 2:00 GeV=c2, and the average recon-
struction efficiency to be "20:5$ 0:1#% in this mass re-
gion. The events with mp !p in the primary charmonium
region are vetoed. The pK! mass distribution of the re-
maining events is shown in Fig. 8(b). A Bayesian approach
is used to calculate the U.L. at 90% C.L. as a function of
mpK! , assuming Poisson-distributed events in the absence
of background. Each limit is increased by the total system-
atic error of 6%. The U.L. for B"B! ! #'!! !p# &
B"#'!! ! pK!# is measured to be 0:5& 10%7 for
1:43<m"#'!!#< 1:50 GeV=c2, <0:9& 10%7 for
1:50<m"#'!!#< 1:72 GeV=c2, and <1:2& 10%7 for
1:72<m"#'!!#< 2:00 GeV=c2.

The systematic uncertainties for each analysis are sum-
marized in Table I. The $"4S# is assumed to decay equally
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corrected. The lines show the positions of the prominent char-
monium backgrounds, from left to right  0;"c2;1;0; J= ;#c. The
sideband contains about 8 times more combinatorial background
events than the signal region.
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Fig. 7(a) and 7(b). No asymmetry is expected from varia-
tions in "mp !p

which is charge-symmetric and slowly vary-
ing with mp !p, nor from the small combinatorial
background shown in Fig. 7(a) and 7(b). The asymmetry
appears as a broad enhancement peaking at about 4 GeV in
the pK! combinations [Fig. 7(c)]. This could be an in-
dication of a correlation between quarks in !p and K! if the
B decay proceeds through a penguin diagram [Fig. 1(a)].
No quantitative theoretical description of this correlation is
available at the moment.

The two-body decay B! ! p !""1520# could also be
present in the p !pK! signal sample. The efficiency for
detection of this channel is determined in dedicated MC

simulation to be "4:7$ 0:1#%, including B"""1520# !
pK%) [13]. The m !pK! spectrum, shown in Fig. 8(a), is fit
with an ARGUS function [14] for the background and a
Breit-Wigner convolved with a double Gaussian (with a
common mean) for the ""1520# signal shape. The mass
resolutions and the ratio of areas of the Gaussians are fixed
to the values obtained from MC simulation, while we fix
the mean and the natural width to established values [13];
the endpoint of the ARGUS function is fixed to the sum of
the proton and kaon masses. An unbinned maximum like-
lihood fit [Fig. 8(a)] results in an upper limit (U.L.) on
B"B! ! p !""1520## of 1:5& 10%6 at 90% C.L. (including
a systematic error of 16%).

The search for a light #'!! pentaquark candidate
(m#'!! < 2 GeV=c2) proceeds as follows. The #'!!

width is assumed to be negligible compared to pK!

mass resolution. From B! ! p !pK! three-body phase-
space MC as well as five dedicated signal MC samples
with m#'!! ( 1:5; 1:6; 1:7; 1:8; 1:9 GeV=c2, we find the
mass resolution (!pK!) to vary from 1.0 to 3:0 MeV=c2

for 1:43<mpK! < 2:00 GeV=c2, and the average recon-
struction efficiency to be "20:5$ 0:1#% in this mass re-
gion. The events with mp !p in the primary charmonium
region are vetoed. The pK! mass distribution of the re-
maining events is shown in Fig. 8(b). A Bayesian approach
is used to calculate the U.L. at 90% C.L. as a function of
mpK! , assuming Poisson-distributed events in the absence
of background. Each limit is increased by the total system-
atic error of 6%. The U.L. for B"B! ! #'!! !p# &
B"#'!! ! pK!# is measured to be 0:5& 10%7 for
1:43<m"#'!!#< 1:50 GeV=c2, <0:9& 10%7 for
1:50<m"#'!!#< 1:72 GeV=c2, and <1:2& 10%7 for
1:72<m"#'!!#< 2:00 GeV=c2.

The systematic uncertainties for each analysis are sum-
marized in Table I. The $"4S# is assumed to decay equally
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(a) mpK! (for mpK! >m !pK! ), (b) m !pK! (for mpK! <m !pK! ), and
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only.
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FIG. 6. Dalitz plot of data in the narrow signal region, and
sideband region (inset). These distributions are not efficiency-
corrected. The lines show the positions of the prominent char-
monium backgrounds, from left to right  0;"c2;1;0; J= ;#c. The
sideband contains about 8 times more combinatorial background
events than the signal region.
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With a sample of 232! 106 !"4S# ! B "B events collected with the BABAR detector, we study the
decay B$ ! p "pK$ excluding charmonium decays to p "p. We measure a branching fraction B"B$ !
p "pK$# % "6:7& 0:5& 0:4# ! 10'6. An enhancement at low p "p mass is observed and the Dalitz plot
asymmetry suggests dominance of the penguin amplitude in this B decay. We search for a pentaquark
candidate #($$ decaying into pK$ in the mass range 1.43 to 2:00 GeV=c2 and set limits on B"B$ !
#($$ "p# !B"#($$ ! pK$# at the 10'7 level.

DOI: 10.1103/PhysRevD.72.051101 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

This paper describes a measurement of the branching
fraction of the baryonic three-body decay B$ ! p "pK$

(excluding charmonium decays to p "p) and a study of its
resonant substructure. Charge-conjugate reactions are in-
cluded implicitly throughout the paper. An earlier mea-
surement [1] of the branching fraction for this channel gave
"5:7$0:7

'0:6 & 0:7# ! 10'6. This channel is interesting for the
dynamical information in the distribution of the three final-
state particles and for the possible presence of exotic [2,3]
intermediate states. We also isolate decays B$ ! Xc "cK$,
where Xc "c % !c and J= decaying to p "p, and measure the
width of the !c.

An important feature of this decay is an enhancement at
low p "p masses reported in Ref. [1], similar to those that
have been observed in several other baryonic decays of B
[4] and J= [5]. This could be a feature of a quasi-two-
body decay in which the p "p system is produced through an
intermediate gluonic resonance [2] [Fig. 1(c)]. It could also
be that the decay is a pure three-body process and that the
enhancement results from the short-range correlations be-
tween p and "p in the fragmentation chain [6,7]. Rosner
suggested [8] that it is possible to distinguish the fragmen-
tation or gluonic resonance mechanisms by studying the
distribution of events in the Dalitz plot.

The main Feynman diagrams for this decay are pre-
sented in Fig. 1. The leading diagrams [7] are a penguin
diagram and a doubly Cabibbo-Kobayashi-Maskawa-
suppressed tree diagram shown in Fig. 1(a) and 1(b).
There is also an Okubo-Zweig-Iizuka-suppressed penguin
diagram shown in Fig. 1(c), where the p "p pair is created
through a pair of gluons (or a gluonic resonance). There
are four additional color-suppressed diagrams [7]: two
tree diagrams with an internal W$-emission and a
W$-annihilation and two penguin diagrams with an inter-
nal gluon-emission that are expected to be small. If the p "p
system is produced independently of the K$ through a tree
diagram with an external W$-emission [Fig. 1(b)] or a
penguin with an external gluon-emission [Fig. 1(c)], i.e.
the p "p quark lines are not associated with the "s or u quarks
in the K$, then the distributions mpK$ and m "pK$ should be
identical. If the u quark in the K$ is associated with a "u

quark in a "p [Fig. 1(a)], larger values of mpK$ are favored
over those of m "pK$ [8]. Thus a study of the Dalitz plot
provides insight not only into the dominant mechanism of
this decay but also into whether the penguin or the tree
amplitude is dominant.

This paper is organized as follows: first we describe the
event selection and the branching-fraction measurement.
Then we describe the p "p mass spectrum and the measure-
ment of the !c width. We examine the Dalitz plot for an
asymmetry between the distributions in mpK$ and m "pK$ .
In the final section we describe searches for B$ !
p "$"1520# ! p" "pK$# decay and for the hypothesized I %
1; I3 % 1 pentaquark state #($$ (a member of the baryon
27-plet with quark content uuud "s) in the decay B$ !
#($$ "p! "pK$# "p. The #($$ mass has been predicted
[9] to lie in the region 1:43' 1:70 GeV=c2.

The analysis uses 232! 106 !"4S# ! B "B decays col-
lected with the BABAR detector [10] at the PEP-II e$e'

storage ring. Charged tracks are measured by a five-layer
silicon vertex tracker (SVT) and a 40-layer drift-chamber
(DCH) in a 1.5-T solenoidal magnetic field. A Cherenkov
radiation detector (DIRC) is used for charged-particle
identification. The CsI(Tl) electromagnetic calorimeter
detects photon and electron showers. To identify kaons
and protons we use dE=dx measurements in the SVT and
DCH, and the pattern of Cherenkov photons in the DIRC.
The proton efficiency is 93% with 9% kaon misidentifica-
tion probability. The kaon efficiency is 87% with 2% pion
misidentification probability.

FIG. 1. The main Feynman diagrams for the nonresonant
B$ ! p "pK$ decay: (a) leading penguin diagram, (b) leading
tree diagram (external W$-emission), (c) Okubo-Zweig-Iizuka-
suppressed penguin diagram.
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(for mpK+ > mp̄K+), (b) mp̄K+ (for mpK+ < mp̄K+), and (c)
difference between (a) and (b). Errors shown are statistical
only.

onto the nearer axis. The corresponding distributions
for the events in signal and rescaled sideband regions are
shown in Fig. 6(a,b). No asymmetry is expected from
variations in εmpp̄

which is charge-symmetric and slowly
varying with mpp̄, nor from the small combinatorial back-
ground shown in Fig. 6(a,b). The asymmetry appears as
a broad enhancement peaking at about 4 GeV in the pK+

combinations (Fig. 6(c)). This could be an indication of
a correlation between quarks in p̄ and K+ if the B de-
cay proceeds through a penguin diagram (Fig. 1(a)). No
quantitative theoretical description of this correlation is
available at the moment.

The two-body decay B+ → pΛ̄(1520) could also be
present in the pp̄K+ signal sample. The efficiency for
detection of this channel is determined in dedicated MC
simulation to be (4.7 ± 0.1)%, including B(Λ(1520) →
pK−) [13]. The mp̄K+ spectrum, shown in Fig. 7(a), is
fit with an ARGUS function [15] for the background and
a Breit-Wigner convolved with a double Gaussian (with a
common mean) for the Λ(1520) signal shape. The mass
resolutions and the ratio of areas of the Gaussians are
fixed to the values obtained from MC simulation, while
we fix the mean and the natural width to established
values [13]; the endpoint of the ARGUS function is fixed
to the sum of the proton and kaon masses. An unbinned
maximum likelihood fit (Fig. 7(a)) results in an upper
limit (U.L.) on B(B+ → pΛ̄(1520)) of 1.5× 10−6 at 90%
C.L. (including a systematic error of 16%).

The search for a light Θ∗++ pentaquark candidate
(mΘ∗++<2 GeV/c2) [16] proceeds as follows. From
B+ → pp̄K+ three-body phase-space MC as well

TABLE I: Systematic uncertainties in percent on the branch-
ing fraction measurements and in the values of uncertain-
ties for the symmetry measurements. Values for mpp̄ below
2.85 GeV/c2 are given in brackets.

Type pp̄K+ ηcK
+ pΛ̄(1520) p̄Θ∗++ Ach

B-counting 1.1(1.1) 1.1 1.1 1.1 −

Tracking/PID 3.8(3.8) 3.4 4.2 4.2 0.02
MC Statistics 2.1(2.4) 0.7 1.0 0.5 0.03
B.F. Errors 0.9(−) − 2.2 − −

Selection 0.2(−) 0.4 3.9 3.9 −

∆E/Mass Fits 3.6(2.4) 8.9 14.3 − 0.01
Total 5.8(5.2) 13.5 15.6 6.1 0.03
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FIG. 7: (a) The mp̄K+ distribution for data events in Λ(1520)
mass region; (b) The mpK+ distributions for data events
in the signal region outside (dashed) or inside (solid) the
2.85<mpp̄<3.15 GeV/c2 region. Distributions are not effi-
ciency corrected.

as five dedicated signal MC samples with mΘ∗++ =
1.5, 1.6, 1.7, 1.8, 1.9 GeV/c2, we find the mass reso-
lution (σpK+) to vary from 1.0 to 3.0 MeV/c2 for
1.43<mpK+<2.00 GeV/c2, and the average reconstruc-
tion efficiency to be (20.5 ± 0.1)% in this mass region.
The events with mpp̄ in the charmonium region are ve-
toed. The pK+ mass distribution of the remaining
events is shown in Fig. 7(b). A Bayesian approach is
used to calculate the U.L. at 90% C.L. as a function of
mpK+ , assuming Poisson-distributed events in the ab-
sence of background. Each limit is increased by the
total systematic error of 6%. The U.L. for B(B+ →
Θ∗++p̄)×B(Θ∗++ → pK+) is measured to be 0.5×10−7

for 1.43 < m(Θ∗++) < 1.50 GeV/c2, < 0.9 × 10−7 for
1.50 < m(Θ∗++) < 1.72 GeV/c2, and < 1.2 × 10−7 for
1.72 < m(Θ∗++) < 2.00 GeV/c2.

The systematic uncertainties for each analysis are sum-
marized in Table I. The Υ (4S) is assumed to decay
equally to B0B̄0 and B+B− mesons. Incomplete knowl-
edge of the luminosity and cross-section leads to a 1.1%
uncertainty. Charged-tracking and particle-identification
(PID) studies in the data lead to small corrections ap-
plied to each track in these simulations. Limitation of
statistics and purity in these data-MC comparisons lead

signal
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B
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B → Λpπ

B → Λcp(π)
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pΥ ), pB = (EB , pB)). The selection is kept loose be-
cause these two variables are used in a maximum like-
lihood fit to extract the signal and background yields
simultaneously. If there is more than one B candi-
date passing these criteria for an event, the candidate
is chosen that minimizes χ2 = (mD − m̂D)2/σ(mD)2 +
(∆M − ∆M̂)2/σ(∆M)2 for the modes B0 → D∗0pp
and B0 → D∗−ppπ+, and the candidate that minimizes
χ2 = (mD − m̂D)2/σ(mD)2 for the modes B0 → D0pp
and B0 → D−ppπ+.

The background for these modes comes from e+e− →
qq events and from B decays other than those under con-
sideration. In both of these cases, the background comes
from selecting random combinations of tracks and thus
does not peak in either ∆E or mES . The one exception
is in the case of B0 → D∗0pp, where there is a possibility
of events such as B0 → D

0
ppπ0 that peak at the B mass

in mES . However, since the π0 comes from the other B
decay in the event, the ∆E distribution does not peak
strongly in the signal region.

We perform an unbinned extended maximum likeli-
hood fit to extract the yields. The variables mES and
∆E are used as discriminating variables to separate sig-
nal from background. The data sample is assumed to
consist of two components: signal events and combina-
torial background events due to random combinations
of tracks from both qq and BB events. For the decay

FIG. 1: Fit projections of mES for (clockwise from top-left)

B0 → D0pp (D
0 → K+π−), B0 → D∗0pp (D

0 → K+π−),

B0 → D∗−ppπ+ (D
0 → K+π−), and B0 → D−ppπ+ (D− →

K+π−π−). The dashed line is the background contribution
and the solid line is the background plus signal.

B0 → D∗0pp, a peaking component is added to account
for B0 → D

0
ppπ0 events.

In addition, the signal is split into correctly recon-
structed events (Class I) and mis-reconstructed events
(Class II). The Class II events are signal events where
one or more of the tracks from the signal B decay is
lost and a track from the other B decay is included
in the reconstruction. The fraction of Class II events
is determined from MC and varies from nearly 0 for
B0 → D0pp → K+π−pp to almost 50% for B0 →
D∗−ppπ+ → π−K+π−π0ppπ+.

In the maximum likelihood fit, each component is mod-
eled by a probability density function (PDF) of the two
variables mES and ∆E,

P = P(mES ,∆E). (1)

The likelihood for the N candidates in the event sample
is given by:

L = e−N ′
·

N∏

i=1

{Nsig ·[fI ·Pi
I +fII ·Pi

II ]+Nbkg ·Pi
bkg}, (2)

where N ′ is the sum of the fitted number of signal (Nsig)
and background (Nbkg) events. The background PDF is
given by Pbkg, PI and PII are the PDFs of Class I and
II events in signal respectively, and fI and fII are their
corresponding fractions.

The Class I signal events are parameterized with a dou-
ble Gaussian for both mES and ∆E. For Class II events,
mES is parameterized with the correlated function
PII(mES ,∆E) = G(mES)G1(∆E) + P (mES)G2(∆E)
where G represents a Gaussian and P a polynomial func-
tion. All parameters for the signal PDFs are obtained
from signal MC and fixed in the fit with the excep-
tions of the means of the narrow components of the
double-Gaussian distributions for both mES and ∆E for
Class I events, which are allowed to vary. The com-
binatorial background is parameterized with a thresh-
old function[17] in mES and a second-order polynomial
in ∆E, and all of the parameters are varied in the fit.
The peaking background component coming from B de-
cays in the B0 → D∗0pp modes is modeled with a non-
parametric 2-dimensional PDF in mES and ∆E and the
yield is free in the fit. The mES distributions for the data
and the fit, after selecting events with |∆E| < 20MeV,
are shown in Figure 1 for the D

0 → K+π− and D− →
K+π−π− decays.

For each event a signal weight is defined as follows:

W i
sig =

σ2
sigPi

sig + cov(sig,bkg)P i
bkg

NsigPi
sig + NbkgPi

bkg

, (3)

following the method described in Reference [18]. In
Equation 3, Pi

sig (Pi
bkg) is the value of the signal (back-

ground) PDF for event i; σsig is the standard deviation of

B0
→ D∗0ppB0

→ D0pp

B0
→ D∗−ppπ+B0

→ D−ppπ+

B (B → Dpp(π))
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pΥ ), pB = (EB , pB)). The selection is kept loose be-
cause these two variables are used in a maximum like-
lihood fit to extract the signal and background yields
simultaneously. If there is more than one B candi-
date passing these criteria for an event, the candidate
is chosen that minimizes χ2 = (mD − m̂D)2/σ(mD)2 +
(∆M − ∆M̂)2/σ(∆M)2 for the modes B0 → D∗0pp
and B0 → D∗−ppπ+, and the candidate that minimizes
χ2 = (mD − m̂D)2/σ(mD)2 for the modes B0 → D0pp
and B0 → D−ppπ+.

The background for these modes comes from e+e− →
qq events and from B decays other than those under con-
sideration. In both of these cases, the background comes
from selecting random combinations of tracks and thus
does not peak in either ∆E or mES . The one exception
is in the case of B0 → D∗0pp, where there is a possibility
of events such as B0 → D

0
ppπ0 that peak at the B mass

in mES . However, since the π0 comes from the other B
decay in the event, the ∆E distribution does not peak
strongly in the signal region.

We perform an unbinned extended maximum likeli-
hood fit to extract the yields. The variables mES and
∆E are used as discriminating variables to separate sig-
nal from background. The data sample is assumed to
consist of two components: signal events and combina-
torial background events due to random combinations
of tracks from both qq and BB events. For the decay

FIG. 1: Fit projections of mES for (clockwise from top-left)

B0 → D0pp (D
0 → K+π−), B0 → D∗0pp (D

0 → K+π−),

B0 → D∗−ppπ+ (D
0 → K+π−), and B0 → D−ppπ+ (D− →

K+π−π−). The dashed line is the background contribution
and the solid line is the background plus signal.

B0 → D∗0pp, a peaking component is added to account
for B0 → D

0
ppπ0 events.

In addition, the signal is split into correctly recon-
structed events (Class I) and mis-reconstructed events
(Class II). The Class II events are signal events where
one or more of the tracks from the signal B decay is
lost and a track from the other B decay is included
in the reconstruction. The fraction of Class II events
is determined from MC and varies from nearly 0 for
B0 → D0pp → K+π−pp to almost 50% for B0 →
D∗−ppπ+ → π−K+π−π0ppπ+.

In the maximum likelihood fit, each component is mod-
eled by a probability density function (PDF) of the two
variables mES and ∆E,

P = P(mES ,∆E). (1)

The likelihood for the N candidates in the event sample
is given by:

L = e−N ′
·

N∏

i=1

{Nsig ·[fI ·Pi
I +fII ·Pi

II ]+Nbkg ·Pi
bkg}, (2)

where N ′ is the sum of the fitted number of signal (Nsig)
and background (Nbkg) events. The background PDF is
given by Pbkg, PI and PII are the PDFs of Class I and
II events in signal respectively, and fI and fII are their
corresponding fractions.

The Class I signal events are parameterized with a dou-
ble Gaussian for both mES and ∆E. For Class II events,
mES is parameterized with the correlated function
PII(mES ,∆E) = G(mES)G1(∆E) + P (mES)G2(∆E)
where G represents a Gaussian and P a polynomial func-
tion. All parameters for the signal PDFs are obtained
from signal MC and fixed in the fit with the excep-
tions of the means of the narrow components of the
double-Gaussian distributions for both mES and ∆E for
Class I events, which are allowed to vary. The com-
binatorial background is parameterized with a thresh-
old function[17] in mES and a second-order polynomial
in ∆E, and all of the parameters are varied in the fit.
The peaking background component coming from B de-
cays in the B0 → D∗0pp modes is modeled with a non-
parametric 2-dimensional PDF in mES and ∆E and the
yield is free in the fit. The mES distributions for the data
and the fit, after selecting events with |∆E| < 20MeV,
are shown in Figure 1 for the D

0 → K+π− and D− →
K+π−π− decays.

For each event a signal weight is defined as follows:

W i
sig =

σ2
sigPi

sig + cov(sig,bkg)P i
bkg

NsigPi
sig + NbkgPi

bkg

, (3)

following the method described in Reference [18]. In
Equation 3, Pi

sig (Pi
bkg) is the value of the signal (back-

ground) PDF for event i; σsig is the standard deviation of

B0
→ D∗0ppB0

→ D0pp

B0
→ D∗−ppπ+

B (B → Dpp(π))
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the signal yield; and cov(sig,bkg) denotes the covariance
between Nsig and Nbkg, as obtained from the fit. The
normalization of W i

sig is such that their sum equals the
total number of signal events, Nsig. The sum of W i

sig over
a small area of phase space gives the correct distribution
of signal in that area.

The branching fraction is obtained as:

B =
∑

i

W i
sig

NBB · εi · Bsub
, (4)

where the sum is over all events i, NBB is the number of
BB pairs in the sample, εi is the efficiency for event i,
which depends on its position in phase space, and Bsub

is the product of the branching fractions of the charmed
meson decays [15, 19]. We assume that the Υ (4S) decays
with equal probability to B0B0 and B+B−. The statis-
tical error on the branching fraction is obtained from the
fractional error on the signal yield as calculated from the
fit.

The largest source of systematic error arises from the
uncertainty in the charged track reconstruction efficiency
determined from the MC. This systematic error ranges
from 3.3% to 8.8% depending on the number of charged
tracks in the decay mode. In addition there is a sys-
tematic error due to the modeling of the PID efficiency
for the protons and kaons of 4.5% for all modes and an
additional error of 2% for the pion identification for the
modes B0 → D−ppπ+ and B0 → D∗−ppπ+. The un-
certainty due to ignoring correlations between mES and
∆E is estimated to be a few percent by performing fits
to Monte Carlo samples that consist of fully simulated
signal events embedded with parameterized background
events. The uncertainties related to modeling of the sig-
nal PDFs are calculated by allowing the ∆E and mES

signal shape parameters for the B0 → D−ppπ+ mode to
vary in the fit and then varying the fixed parameters in
the other modes by the differences observed between data
and MC in this mode. This error ranges from 0.2% to
2.8%. The fraction of Class II events is varied by 5% per
π0, or 5% for modes with no π0, to account for the uncer-
tainty due to mis-reconstructed events and the difference
observed is 1% to 5%. The uncertainty arising from bin-
ning the efficiency in phase space gives a typical error of
3%. Finally, the errors on the branching fractions of D
and D∗ decays are included in the systematic uncertainty
and range from 2.4% (for B0 → D0pp,D

0 → K+π−) to
6.2% (for B0 → D∗0pp,D

0 → K+π−π0). The total sys-
tematic error ranges from 6.3% to 13.3%.

The fitted signal yield and the measured branching
fraction for each decay mode is given in Table I. Av-
eraging the branching fractions of the different D decays
weighted by their errors and accounting for correlations,

we obtain:

B(B0 → D0pp) = (1.13 ± 0.06 ± 0.08) × 10−4

B(B0 → D∗0pp) = (1.01 ± 0.10 ± 0.09) × 10−4

B(B0 → D−ppπ+) = (3.38 ± 0.14 ± 0.29) × 10−4

B(B0 → D∗−ppπ+) = (4.81 ± 0.22 ± 0.44) × 10−4

where the first error is statistical and the second system-
atic.

We investigate the decay dynamics by projecting the
branching fractions obtained with Equation 4 onto the
different invariant mass axes. This method requires that
the variables used in the fit are uncorrelated to the vari-
able being projected. The correlations between the in-
variant masses and ∆E and mES are observed to be
small. Figure 2 shows the two dimensional projections
(the Dalitz plots for the 3-body decays) for the four
modes under study. Figure 3 shows 1-dimensional projec-
tions and the comparison with phase space distributions
for the pp, Dp (non-exotic minimal quark content of cud
or cdd) and Dp (exotic minimal quark content of cuuud
or cduud) invariant masses.

In comparison with phase space, an enhancement at
low pp mass is seen in all decay channels. Such an en-
hancement has been observed in other situations [20–23];
indeed, it is also observed in the background pp distribu-
tions in this analysis. In the left plot of Figure 4 the pp
distributions for all four modes have been overlaid remov-
ing the events with M(D(∗)

p) less than 3.1 GeV/c2 and
normalizing to the total area. In addition, each event en-
tering Figure 4 has been weighted by a phase-space factor
and thus the distribution is proportional to the square of
the matrix element. The distributions of the four modes
show the same behavior. We have also compared our
phase-space corrected pp distributions (averaged over the
four modes) to those measured in e+e− → ppγ [21] and
B+ → ppK+ [22] by BABAR, shown on the right of Figure
4, and again there appears to be good agreement.

Explanations that have been proposed to account for

TABLE I: The branching fractions (in units of 10−4) for the
B0 decays considered here. The first error is statistical and
the second systematic.

B0 decay D decay Nsig B(10−4)
K+π− 214±16 1.09±0.08±0.08

B0 → D0pp K+π−π0 514±38 1.15±0.08±0.10
K+π−π+π− 320±26 1.24±0.10±0.11
K+π− 57±9 1.21±0.17±0.11

B0 → D∗0pp, K+π−π0 104±19 1.08±0.14±0.14
D∗0 → D0π0 K+π−π+π− 46±12 0.75±0.18±0.09
B0 → D−ppπ+ K+π−π− 1166±47 3.38±0.14±0.29

K+π− 241±18 4.84±0.40±0.44
B0 → D∗−ppπ+, K+π−π0 522±32 4.71±0.30±0.50
D∗− → D0π− K+π−π+π− 311±24 5.05±0.42±0.59
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FIG. 3: The branching fraction (B, in units of 10−6/ GeV/c2) distributions versus pp (top), non-exotic (i.e Dp) (middle), exotic
(i.e Dp) (bottom) invariant mass for (from left) B0 → D0pp, B0 → D∗0pp, B0 → D−ppπ+, and B0 → D∗−ppπ+ with all D
decay modes combined. The solid lines are the distributions expected from a purely phase-space decay.
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FIG. 4: Left: The phase space-corrected pp invariant mass distributions for all four decay modes: B0 → D0pp (triangles),
B0 → D∗0pp (open circles), B0 → D−ppπ+ (squares), and B0 → D∗−ppπ+ (closed circles). Right: The pp distributions from
the present analysis averaged over the four decay modes (closed circles) compared to the distributions obtained in e+e− → ppγ
(open squares) and B+ → ppK+ (open circles).
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FIG. 3: The branching fraction (B, in units of 10−6/ GeV/c2) distributions versus pp (top), non-exotic (i.e Dp) (middle), exotic
(i.e Dp) (bottom) invariant mass for (from left) B0 → D0pp, B0 → D∗0pp, B0 → D−ppπ+, and B0 → D∗−ppπ+ with all D
decay modes combined. The solid lines are the distributions expected from a purely phase-space decay.

)
2

) (GeV/cpm(p

2 2.2 2.4 2.6 2.8 3 3.2 3.4

)
2

/8
0
 M

eV
/c

-6
B

(1
0

0
2
4
6
8

10
12
14
16
18

)
2

) (GeV/cpm(p

2 2.2 2.4 2.6 2.8 3 3.2 3.4

)
2

/8
0
 M

eV
/c

-6
B

(1
0

0
2
4
6
8

10
12
14
16

)
2

) (GeV/cpm(p

2 2.2 2.4 2.6 2.8 3 3.2 3.4

)
2

/8
0
 M

eV
/c

-6
B

(1
0

0

10

20

30

40

50

60

)
2

) (GeV/cpm(p

2 2.2 2.4 2.6 2.8 3 3.2 3.4

)
2

/8
0
 M

eV
/c

-6
B

(1
0

0

20

40

60

80

100

120

)
2

) (GeV/cp
0

Dm(

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0

2

4

6

8

10

12

)
2

) (GeV/cp
*0

Dm(

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

-2
0
2
4
6
8

10
12
14

)
2

) (GeV/cp
-

m(D

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0

5

10

15

20

25

30

35

)
2

) (GeV/cp
*-

m(D

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0

10

20

30

40

50

60

)
2

p) (GeV/c
0

Dm(

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0
2
4
6
8

10
12
14
16
18

)
2

p) (GeV/c
*0

Dm(

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0
2
4
6
8

10
12
14
16
18

)
2

p) (GeV/c
-

m(D

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0

5

10

15

20

25

30

35

)
2

p) (GeV/c
*-

m(D

2.8 3 3.2 3.4 3.6 3.8 4 4.2

)
2

/7
5
 M

eV
/c

-6
B

(1
0

0

10

20

30

40

50

60

70

FIG. 4: Left: The phase space-corrected pp invariant mass distributions for all four decay modes: B0 → D0pp (triangles),
B0 → D∗0pp (open circles), B0 → D−ppπ+ (squares), and B0 → D∗−ppπ+ (closed circles). Right: The pp distributions from
the present analysis averaged over the four decay modes (closed circles) compared to the distributions obtained in e+e− → ppγ
(open squares) and B+ → ppK+ (open circles).
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BABAR, shown on the right of Fig. 4, and again there
appears to be good agreement.

Explanations that have been proposed to account for the
enhancement observed at the p !p threshold include a
gluonic resonance [24] and short-range correlations be-
tween the p and the !p [25]. The BES collaboration has
recently claimed evidence for a resonance decaying to
!!"0 with a mass of 1834 MeV=c2and a width of
68 MeV=c2 [26]. This resonance should also decay to
p !p and the mass and width measured by BES in !!"0 is
in agreement with the enhancement seen by BES in the p !p
distribution in J= ! #p !p decays [23] assuming a Breit-
Wigner with corrections for final state interactions [27,28].

With respect to the !D !p invariant mass spectra, other
than an excess at low mass in the B0 ! !D0p !p mode, the
plots in the middle row of Fig. 3 are in qualitative agree-
ment with the phase-space histograms. The low-mass ex-
cess in B0 ! !D0p !p is also easily seen in the Dalitz plot in
Fig. 2 and appears again to be a threshold enhancement as

in the p !p case. While it would be expected that the same
effect would be seen in the B0 ! !D!0p !p mode, the statis-
tics are much lower and the mass threshold is higher.

The !Dp distributions, in the bottom row of Fig. 3, we
observe a clear tendency to peak toward high !D"!#0p mass
in comparison with phase space for the three-body modes.
This is also reflected in the apparent asymmetry in the
Dalitz plots. The four body modes are in qualitative agree-
ment with phase-space distributions in the !Dp projections.

The H1 Collaboration has claimed evidence for a
charmed pentaquark state decaying to D!$p at
3:1 GeV=c2 whose width is compatible with their experi-
mental resolution of 7 MeV=c2. By fitting the D$p invari-
ant mass spectrum in the decay B0 ! D$p !p!% to a Breit-
Wigner plus linear background, we obtain an upper limit
on the branching fraction:

 B "B0 ! "c !p!%# &B""c ! D$p#< 9& 10$6; (8)

while for the D!$p spectrum in B0 ! D!$p !p!% we
obtain:

 B "B0 ! "c !p!%# &B""c ! D!$p#< 14& 10$6 (9)

at 90% C.L. For this limit we have assumed the resonance
width for the "c to be 25 MeV=c2, which corresponds to
the upper limit on the width given by H1. If we assume a
smaller width, the limits decrease.

In conclusion, we have measured the branching fractions
of B0 ! !D0p !p, B0 ! !D!0p !p, B0 ! D$p !p!%, and B0 !
D!$p !p!%. The results obtained for the modes B0 !
D!$p !p!%, B0 ! !D!0p !p, and B0 ! !D0p !p agree with
the previous measurements and have smaller uncertainties
while the decay B0 ! D$p !p!% has been measured for the
first time. We do not observe any evidence for the charmed
pentaquark observed by H1 atM"D!$p# of 3:1 GeV=c2. In
comparison with phase space we observe a low-mass p !p
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FIG. 3. The branching fraction (B, in units of 10$6=GeV=c2) distributions versus p !p (top), nonexotic (i.e !D !p ) (middle), exotic (i.e
!Dp) (bottom) invariant mass for (from left) B0 ! !D0p !p, B0 ! !D!0p !p, B0 ! D$p !p!%, and B0 ! D!$p !p!% with all D decay

modes combined. The solid lines are the distributions expected from a purely phase-space decay.

FIG. 4. Left: The phase-space corrected p !p invariant mass
distributions for all four decay modes: B0 ! !D0p !p (triangles),
B0 ! !D!0p !p (open circles), B0 ! D$p !p!% (squares), and
B0 ! D!$p !p!% (closed circles). Right: The p !p distributions
from the present analysis averaged over the four decay modes
(closed circles) compared to the distributions obtained in
e%e$ ! p !p# (open squares) and B% ! p !pK% (open circles).
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Search for Exotic Baryons

9

FIG. 3: The branching fraction (B, in units of 10−6/ GeV/c2) distributions versus pp (top), non-exotic (i.e Dp) (middle), exotic
(i.e Dp) (bottom) invariant mass for (from left) B0 → D0pp, B0 → D∗0pp, B0 → D−ppπ+, and B0 → D∗−ppπ+ with all D
decay modes combined. The solid lines are the distributions expected from a purely phase-space decay.
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FIG. 4: Left: The phase space-corrected pp invariant mass distributions for all four decay modes: B0 → D0pp (triangles),
B0 → D∗0pp (open circles), B0 → D−ppπ+ (squares), and B0 → D∗−ppπ+ (closed circles). Right: The pp distributions from
the present analysis averaged over the four decay modes (closed circles) compared to the distributions obtained in e+e− → ppγ
(open squares) and B+ → ppK+ (open circles).

9

FIG. 3: The branching fraction (B, in units of 10−6/ GeV/c2) distributions versus pp (top), non-exotic (i.e Dp) (middle), exotic
(i.e Dp) (bottom) invariant mass for (from left) B0 → D0pp, B0 → D∗0pp, B0 → D−ppπ+, and B0 → D∗−ppπ+ with all D
decay modes combined. The solid lines are the distributions expected from a purely phase-space decay.
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FIG. 4: Left: The phase space-corrected pp invariant mass distributions for all four decay modes: B0 → D0pp (triangles),
B0 → D∗0pp (open circles), B0 → D−ppπ+ (squares), and B0 → D∗−ppπ+ (closed circles). Right: The pp distributions from
the present analysis averaged over the four decay modes (closed circles) compared to the distributions obtained in e+e− → ppγ
(open squares) and B+ → ppK+ (open circles).
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B → Λpπ

B → ppK•   

•  

•  

•  

B → D(∗)pp(π)

B → Λcp(π)
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Figure 1: Lowest order Standard Model diagrams that contribute to the
decay amplitude of the B0 → Λ̄pπ− channel.

1 Introduction

Observations of charmless three-body baryonic B decays have been reported
recently by both the BABAR and Belle collaborations [1, 2, 3]. A common
feature of these decay modes is the peaking of the baryon-antibaryon mass
spectrum toward threshold. This feature has stimulated considerable interest
among theorists as a key element in the explanation of the unexpectedly high
branching ratios for these decays [4, 5].

This note reports a measurement of the branching fraction for B decay
to the Λ̄pπ− final state.1 This decay channel has been previously studied by
the Belle collaboration that, using a 140 fb−1 data sample, reports [2]:

B (B → Λp̄π) = [3.27+0.62
−0.51(stat.) ± 0.39(syst.)] × 10−6.

In the standard model this decay proceeds through the interference of tree
b → u and penguin b → s amplitudes (Fig.1). It is of interest to study
the structure of the decay amplitude in the Dalitz plane and to test the
above-mentioned theoretical speculations. In addition, this channel may be
used to search for direct CP violation. Finally, the Λ hyperon in the final
state, with its spin self-analyzing weak decay to p π, may be used to study the
chirality structure of weak b → s transitions [6] and, with increased statistics,
probe T-naive violation [4]. T-naive is distinct from ordinary T symmetry,
in that it doesn’t exchange initial and final states, while still reversing the
sign of momenta and angular momenta. Despite this difference, studying the
former with triple T-odd product asymmetries, that are measurable in the
considered baryonic B decay, could provide insight into the latter [7].

1Charged conjugate mode is implied.
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Figure 1: Lowest order Standard Model diagrams that contribute to the
decay amplitude of the B0 → Λ̄pπ− channel.

1 Introduction

Observations of charmless three-body baryonic B decays have been reported
recently by both the BABAR and Belle collaborations [1, 2, 3]. A common
feature of these decay modes is the peaking of the baryon-antibaryon mass
spectrum toward threshold. This feature has stimulated considerable interest
among theorists as a key element in the explanation of the unexpectedly high
branching ratios for these decays [4, 5].

This note reports a measurement of the branching fraction for B decay
to the Λ̄pπ− final state.1 This decay channel has been previously studied by
the Belle collaboration that, using a 140 fb−1 data sample, reports [2]:

B (B → Λp̄π) = [3.27+0.62
−0.51(stat.) ± 0.39(syst.)] × 10−6.

In the standard model this decay proceeds through the interference of tree
b → u and penguin b → s amplitudes (Fig.1). It is of interest to study
the structure of the decay amplitude in the Dalitz plane and to test the
above-mentioned theoretical speculations. In addition, this channel may be
used to search for direct CP violation. Finally, the Λ hyperon in the final
state, with its spin self-analyzing weak decay to p π, may be used to study the
chirality structure of weak b → s transitions [6] and, with increased statistics,
probe T-naive violation [4]. T-naive is distinct from ordinary T symmetry,
in that it doesn’t exchange initial and final states, while still reversing the
sign of momenta and angular momenta. Despite this difference, studying the
former with triple T-odd product asymmetries, that are measurable in the
considered baryonic B decay, could provide insight into the latter [7].

1Charged conjugate mode is implied.
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Figure 1: Lowest order Standard Model diagrams that contribute to the
decay amplitude of the B0 → Λ̄pπ− channel.

1 Introduction

Observations of charmless three-body baryonic B decays have been reported
recently by both the BABAR and Belle collaborations [1, 2, 3]. A common
feature of these decay modes is the peaking of the baryon-antibaryon mass
spectrum toward threshold. This feature has stimulated considerable interest
among theorists as a key element in the explanation of the unexpectedly high
branching ratios for these decays [4, 5].

This note reports a measurement of the branching fraction for B decay
to the Λ̄pπ− final state.1 This decay channel has been previously studied by
the Belle collaboration that, using a 140 fb−1 data sample, reports [2]:

B (B → Λp̄π) = [3.27+0.62
−0.51(stat.) ± 0.39(syst.)] × 10−6.

In the standard model this decay proceeds through the interference of tree
b → u and penguin b → s amplitudes (Fig.1). It is of interest to study
the structure of the decay amplitude in the Dalitz plane and to test the
above-mentioned theoretical speculations. In addition, this channel may be
used to search for direct CP violation. Finally, the Λ hyperon in the final
state, with its spin self-analyzing weak decay to p π, may be used to study the
chirality structure of weak b → s transitions [6] and, with increased statistics,
probe T-naive violation [4]. T-naive is distinct from ordinary T symmetry,
in that it doesn’t exchange initial and final states, while still reversing the
sign of momenta and angular momenta. Despite this difference, studying the
former with triple T-odd product asymmetries, that are measurable in the
considered baryonic B decay, could provide insight into the latter [7].

1Charged conjugate mode is implied.
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Figure 1: Left plot: mES distribution of candidates with |∆E| < 27MeV. Right plot: ∆E distri-
bution of candidates with mES > 5.274GeV/c2. Superimposed are projections of the 2-dimensional
fit PDF onto the respective axes.

the branching fraction due to the residual Λc component that survives the cut. The second causes
an approximate 0.5% reduction of the branching fraction due to the reduced Dalitz-plot space. We
take the larger of the two as the systematic error associated with the Λc veto cut.

We vary parameters that are kept fixed in the likelihood fit by their statistical errors, as mea-
sured on the signal MC sample fit, and measure the variation of the sPlot fitted result. The
changes associated to the parameters that enter the definition of the signal PDF are conservatively
considered as fully correlated and added linearly to give a signal PDF systematic error of 3.2%,
where the uncertainty on signal mES fixed parameters accounts for a 1.9% contribution and the
uncertainty on signal ∆E fixed parameters for a 1.3% contribution. The same procedure is applied
to the parameters that enter the background PDF definition, with errors determined on luminosity-
weighted background MC samples, giving an additional 2.2% systematic error. Finally, we combine
in quadrature the two errors and obtain a 3.9% systematic error associated with uncertainties on
the shape of signal and background PDF models. The comparison of B → J/ψK0

S data and Monte
Carlo samples reveals that the width of the ∆E Gaussian in the signal PDF can be underesti-
mated in the Monte Carlo by up to 5%, and this translates to an additional 1.7% systematic error
associated with the uncertainty in the ∆E resolution.

We estimate possible biases associated with the determination of yields with the sPlot tech-
nique, using a collection of Monte Carlo experiments in which signal candidates, generated and
reconstructed with a complete detector simulation, have been mixed with background candidates,
choosing numbers of signal and background candidates similar to those expected on the data sam-
ple under study. Biases have been found within the statistical error in their measurement, and we
estimate a 0.6% systematic uncertainty associated with the sPlot fitting technique.

6 RESULTS

We select a total of 4261 candidates in the region |∆E| < 200MeV, mES > 5.2GeV/c2, |m(Λπ) −
m(Λc)| > 20MeV/c2 in the 210.3 fb−1 data sample considered. Table II contains the fitted values of
the 2-dimensional mES-∆E PDF parameters, while Fig. 1 shows projections of the 2-dimensional
PDF on the mES and ∆E axes. Figure 2 shows the efficiency-corrected signal sPlot distribution
of candidates as a function of the m(Λ̄p) coordinate; this reveals a near-threshold enhancement

12

B0
→ Λpπ+

B
(

B0
→ Λpπ+

)

= (3.3 ± 0.5 ± 0.3) × 10−6
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Figure 2: sPlot of the m(Λp) event distribution with efficiency corrections applied.

Table 2: Likelihood fit result. NS and NB are the number of fitted signal and background candidates
respectively. µ (∆E) is the mean value for the narrow Gaussian of the ∆E signal PDF component,
while c1 (∆E) is the slope of the linear ∆E background PDF. µ (mES) is the mean value for
the Gaussian of the mES signal PDF, and cArgus (mES) is the coefficient at the exponent of the
background mES Argus function as given in [13]. Reported errors are statistical only.

Parameter Value
NS 73.7+12.0

−11.2
NB 4187 ± 66

µ (∆E) −1.71 ± 3.10MeV
c1 (∆E) −3.71 ± 0.25
µ (mES) 5.2808 ± 0.0004GeV/c2

cArgus (mES) −15.1 ± 1.7

similar to that observed in other baryonic B decays. Summing the efficiency-corrected sPlot bins,
we obtain a yield of 488 ± 79 signal events, where the error is statistical. Using Equation 6 we
measure the branching fraction:

B(B0 → Λ̄pπ−) = [3.30 ± 0.53 (stat.) ± 0.31 (syst.)] × 10−6.

This measurement, which is compatible with a previous measurement by the Belle collaboration[2],
confirms the peaking of the baryon-antibaryon mass spectrum toward threshold, a feature that plays
a key role in the explanation of the higher branching fraction of three-body baryonic B decays with
respect to two body ones.

7 ACKNOWLEDGMENTS

We are grateful for the extraordinary contributions of our PEP-II colleagues in achieving the
excellent luminosity and machine conditions that have made this work possible. The success of

13

efficiency corrected

34

BABAR: hep-ex/0608020 (2006)

S. Majewski, Stanford University BNL Seminar



•   

•  

•  

•  B → Λcp(π)

B → ppK

B → D(∗)pp(π)

B → Λpπ

35S. Majewski, Stanford University BNL Seminar



B
0

B
−

Λ
+
c

Λ
+
c

p

p

π
−

36

B → Λcp (π) Diagrams

1 Introduction and motivation

Charmed baryonic B decays are experimentally accessible and provide a way to check predictions
given by various theoretical models for exclusive baryonic B decays. There is theoretical interest in
the suppression of the two-body baryonic decay rates compared to three-body decay rates and the
possible connection to production mechanisms for baryons in B decays. Analysis of the charmed
three-body baryonic B decay reveals that the invariant mass of the baryon-antibaryon system is
peaked near threshold [1]. This property of the system has caused much theoretical discussion, and
may be due to a fragmentation effect or to production of resonances near threshold. Charmless two-
body baryonic B decays (which have not yet been observed [3,4]) may be used to measure direct CP
violation in the B system. Their charmed counterparts, however, have branching fractions at least
an order of magnitude higher than the charmless modes, and thus can help distinguish between
theoretical models that predict the charmless decay rates of B mesons to baryons. The Feynman
diagrams for these decays are shown in Figure 1, in which the B meson decays weakly via internal
W emission to Λ+

c p(π).
A preliminary result using the BABAR dataset (with 232 million BB pairs) was presented at

ICHEP 2006 [2]. We measured the branching fractions of the two modes in question to be:

B(B0 → Λ+
c p) = (2.15 ± 0.36 ± 0.13 ± 0.56) × 10−5 and

B(B− → Λ+
c pπ−) = (35.3 ± 1.8 ± 3.1 ± 9.2) × 10−5,

along with the ratio of the three-body to two-body branching fractions:

B(B− → Λ+
c pπ−)/B(B0 → Λ+

c p) = 16.4 ± 2.9 ± 1.4.

These measurements are described in detail in BAD 1217 (B0 → Λ+
c p) and BAD 1425 (B− →

Λ+
c pπ−), and are superseded by this result.

In this section, we discuss previous measurements of B decays to charmed baryons and how
theoretical predictions have evolved to explain these measurements, incorporating the recently
observed threshold enhancement seen in three-body modes. We present an analysis strategy for
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Figure 1: Feynman diagrams for (a) B0 → Λ+
c p and (b) B− → Λ+

c pπ−, in which the B meson
decays weakly via internal W emission.
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ū
ū
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Figure 3: The invariant pK−π+ mass in (left) Run 1-4 data and (right) the official signal MC
sample (without truth-matching). 269,363 (39,170) candidates in the data (signal MC) sam-
ple pass the preselection criteria. The pK−π+ mass distribution is fit to a double Gaussian
on top of a linear (constant + wide Gaussian) background in the data (signal MC) sample.
The dashed lines show the components of the PDF (blue and red are the signal Gaussians
and black is the respective background component). The Λ+

c resolution is the RMS of the
two signal Gaussians; in data σ = 5.3±0.6 MeV compared to σ = 5.0±0.5 MeV in the official
signal MC sample. The fitted mass is 2.2860 ± 0.0001 GeV/c2 (2.28489 ± 0.00003 GeV/c2) in
data (signal MC). The blue vertical lines indicate the selection on the unconstrained mass
that will be applied in the selection optimization.
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Figure 4: (a) ∆E vs. mES for a signal MC sample of 34,623 truth-matched candidates that
pass the preselection criteria. 32,882 of these candidates are in the blinded region, which
is indicated by the blue box. (b) ∆E vs. mES for 7329 B0 candidates in data outside the
blinded region. The blue box indicates the blinded region, the red lines indicate the sideband
region used to estimate the number of background events in the optimization, and the black
lines indicate the fit region.
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calculated from a combination of information from the SVT, the DCH, and the DRC. The
likelihood ratios L(a/b) are defined in Section 3.1. The optimal selector for the Λ+

c daughter
p (pLHTight) requires that L(K/p) < 0.2, L(p/π) > 0.75, and that |#p| < 0.75 GeV/c or that
the track does not satisfy the tight electron likelihood selector. The optimal selectors for
the other charged tracks are found to be the skim-level pLHVeryLoose, KLHVeryLoose, and
piLHVeryLoose; the definitions of these selectors can be found in Section 3.1.

The four daughter tracks must satisfy the requirements of the GoodTracksLoose list:
|#p| < 10 GeV/c, the distance of closest approach to the interaction point (IP) in the x-y plane
must be less than 1.5 cm, the track must be within ±10 cm of the IP in the z-direction, the
transverse momentum (pT ) must be greater than 100 MeV, and there must be at least 12
hits in the DCH for each track. Although this selection does not give a higher significance
and in fact reduces the efficiency compared to GoodTracksVeryLoose (for which there is no
transverse momentum or DCH hit requirement), the systematic uncertainty associated with
GoodTracksLoose for four tracks is much lower than that of GoodTracksVeryLoose, making
the trade-off worthwhile.

The most powerful discriminator in the selection criteria optimization is the event-shape
Fisher discriminant. The results of the optimization are not very sensitive to PΛ+

c p(χ
2) or the

PID of the daughters (with the exception of the B daughter proton, for which tightening the
PID provides some discrimination). The effect of multiple candidates per event is negligible;
0.1% of signal MC events have more than one B0 candidate in the signal region. The relative
efficiency and background rejection power on the ∆E sideband in data of each of the final
selection criteria can be found in Table 5.

In summary, the optimization procedure reduces the number of background events in the
fit region (but outside the blinded region) from 15,736 events to 435 events; the resulting
distribution of ∆E vs. mES with the final selection criteria is shown in Figure 10.
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Figure 10: ∆E vs. mES for 962 B0 candidates in data outside the blinded region (435 B0

candidates in the fit region), with the final selection criteria applied. The blue box indicates
the blinded region, the red lines indicate the sideband region used to estimate the number
of background events in the optimization, and the black lines indicate the fit region.
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Figure 21: mES and ∆E projections of blinded data in the fit region (435 events are shown).
Pbkg is modified to exclude the blinded region; this fit result is indicated by the dashed
line. The solid line represents the entire background PDF, taking its fit parameters from
the blinded fit result and plotting the unblinded PDF. The difference between the two PDFs
yields an estimate of the number of background events in the blinded region: 25 events.

7 Sensitivity

7.1 Background estimate from data in fit region

We estimate the number of background events in the blinded region from the 435 events in
the surrounding fit region. The upper ∆E sideband is not used in this estimate because
this region is used to optimize the selection criteria and is therefore biased. The region
surrounding the blinded region is fit using the background PDF in Eqn. 4, but the blinded
region is removed from the PDF definition. The resulting values for the background fit
parameters a and carg are taken from the fit to the blinded PDF and input into the unblinded
background PDF. Both the blinded and unblinded PDFs are shown in Figure 21. The
estimated number of background events in the blinded region is taken from the difference
between the PDFs shown. We estimate 25 background events in the blinded region.

7.2 Signal estimate from signal MC

The expected number of signal events in the blinded region is calculated according to Eqn. 1.
We use an efficiency of (20.2±0.2)% and the Belle measurement of B(B0 → Λ+

c p)×B(Λ+
c →

pK−π+). This calculation, if the Belle branching fraction measurement is correct, yields an
estimate of 51+13

−12 expected signal events in the blinded region.
Further Toy MC studies are performed to test the robustness of the fit by varying the

number of signal events by +2σ and −2 σ around the expected number while keeping the
background at the same level. This will ensure that the fit PDF is flexible enough to handle

35
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Figure 3: Projections of the 2-D fit in ∆E and mES for Λ+
c p candidates satisfying |∆E| < 0.04GeV

(left) and mES > 5.27GeV/c2 (right). The signal yield is 50 ± 8 events, with a significance of 9.4σ.

number of signal events. The background is described by the product of a linear function in ∆E
and a threshold function [16] in mES; the signal is described by a single Gaussian distribution in
each dimension. All parameters except the mES threshold are unconstrained in the fit to data.
We validate the fitting procedure on a combined sample of signal MC events (over a range of the
expected number of signal events) and “toy” MC events (generated according to the shape of the
continuum and BB MC background events) to ensure that the fit is robust and unbiased.

The results of the fit to data are shown in Figure 3; we obtain 50 ± 8 signal events and a
significance of

√
−2 ln (L0/Lmax) = 9.4σ, where Lmax is the maximum likelihood from the fit

result and L0 is the maximum likelihood when the signal yield is fixed to zero. The mean in ∆E
is shifted slightly below zero (−4.2 ± 2.7MeV); this shift is in the appropriate direction given that
the Λ+

c mass is constrained to the 2004 PDG value [7] which is approximately 1.5MeV lower than
the most recent measurement [17]. The ∆E resolution, 15.4 ± 2.1MeV, is slightly larger than, but
consistent with, the resolution in MC (13.6 ± 0.1MeV).

3.3 B− → Λ+
c pπ− Maximum Likelihood Fit

For the three-body B− → Λ+
c pπ− mode, a 2-D unbinned maximum likelihood fit is also performed.

Again, all parameters except the mES threshold are unconstrained in the fit to data. The back-
ground PDF is the same as in the two-body mode, but the signal PDF consists of a Gaussian in
∆E times a Gaussian in mES, where a correlation is allowed between the two observables. This
was not necessary in the two-body mode due to the limited number of signal events. The signal
PDF also contains an additional uncorrelated Gaussian component in ∆E with the same mean as
the correlated Gaussian but an independent width. This signal PDF was chosen from a study of
B− → Λ+

c pπ− signal MC events along with extensive studies of various PDFs using a combined
sample of signal MC and toy MC events. These studies showed this PDF to have the smallest bias:
−8± 2 events for 500 total signal events (the level of bias is consistent for a range of signal events).
The result of the fit to data with this PDF is shown in Figure 4. The signal yield from the fit is
571 ± 34 events and the ∆E resolution (RMS) is 19 ± 3MeV.

11

)
2

 (GeV/c
ES

m

5.20 5.22 5.24 5.26 5.28 5.30

 )2
E

v
e
n
ts

 /
 (

 0
.0

0
4
 G

e
V

/c

0

50

100

150

200

250

300

350

)
2

 (GeV/c
ES

m

5.20 5.22 5.24 5.26 5.28 5.30

 )2
E

v
e
n
ts

 /
 (

 0
.0

0
4
 G

e
V

/c

0

50

100

150

200

250

300

350 BABAR
preliminary

E (GeV)!

-0.10 -0.05 0.00 0.05 0.10

E
v
e
n
ts

 /
 (

 0
.0

0
8
 G

e
V

 )

0

50

100

150

200

E (GeV)!

-0.10 -0.05 0.00 0.05 0.10

E
v
e
n
ts

 /
 (

 0
.0

0
8
 G

e
V

 )

0

50

100

150

200

Figure 4: Projections of the 2-D fit in mES and ∆E, for Λ+
c pπ− candidates satisfying |∆E| <

0.030GeV (left) and mES > 5.27GeV/c2 (right). This 2-D fit is used to extract the likelihood that
each event is a signal or background event. The signal yield is 571 ± 34 events.

3.4 B− → Λ+
c pπ− Yield Extraction and Efficiency Correction

We use the sPlot technique [18] (a sophisticated background subtraction method) to project out the
signal and background distributions separately based on the 2-D fit to ∆E and mES. We calculate
a signal weight for each event i according to the following equation:

Wi =
fs(mESi,∆Ei) + Vsbfb(mESi,∆Ei)

Nsfs(mESi,∆Ei) + Nbfb(mESi,∆Ei)
, (1)

where Wi is the sPlot weight, Ns(Nb) is the number of fitted signal (background) events, and
fs(fb) is the signal (background) PDF. Vsb is the off-diagonal element of a 2× 2 covariance matrix
calculated directly from data, with all parameters fixed to their fitted values except for the signal
and background yields. A background weight for each event can be calculated in an analogous
manner. The result of this method is that each event is assigned a signal and background weight,
which can be plotted for any quantity that is uncorrelated with ∆E and mES. The quantities
of interest that satisfy this requirement are the invariant masses mdidj , where di is any of the B
daughters Λ+

c , p, π−. The correlations of ∆E and mES with these quantities are less than 5%. The
sPlot method relies on using the events in the entire fit region to provide good sampling of both
signal and background. However, (background) events that have an invariant Λ+

c pπ− mass far from
the mass of the B meson have a different kinematically allowed Dalitz region than (signal) events
with an invariant Λ+

c pπ− mass close to mB. We calculate mdidj with a B mass constraint so that
all of the B candidates in the fit region lie in the same Dalitz region.

The detection efficiency for B− → Λ+
c pπ− events varies significantly across the Dalitz plane.

Therefore, using the average nonresonant MC efficiency (15.3%) to calculate the branching fraction
for this mode is insufficient. Instead, an efficiency correction is applied to each signal event based
on its location in the Dalitz plane. We divide the physical region into 215 equal-size bins and
determine the efficiency in each bin; a plot of this efficiency for m2

pπ vs. m2
Λcπ is shown in Figure 5.
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Figure 7: Dalitz plot projection onto the mΛcp axis with the requirement mΛcπ > 2.6GeV/c2,
removing the contribution from the Σc(2455)0. sPlot weighted, efficiency-corrected signal events
are shown. The baryon-antibaryon threshold enhancement is visible near 3.3GeV/c2.

Table 2: Comparison of the yields, efficiencies (effective for the three-body decay), and branching
fractions for B0 → Λ+

c p and B− → Λ+
c pπ−.

Mode Signal yield ε(eff) B

B0 → Λ+
c p 50 ± 8 20.2% (2.15 ± 0.36 ± 0.13 ± 0.56) × 10−5

B− → Λ+
c pπ− 571 ± 34 14.2% (3.53 ± 0.18 ± 0.31 ± 0.92) × 10−4

The systematic uncertainties on the number of BB pairs, the Λ+
c daughter p and K tracking, and

the Λ+
c daughter K and B daughter p particle identification all cancel, as does the uncertainty on

B(Λ+
c → pK−π+). This ratio is consistent with theoretical predictions.

6 SUMMARY

We report the branching fractions of two charmed baryonic B decay modes. Table 2 compares
the yields, efficiencies, and branching fractions of the two modes. The total three-body branching
fraction measured is significantly larger than that measured by Belle, but is still consistent with
(and perhaps provides stronger evidence for) the observation that the three-body mode is enhanced
over the two-body mode. The measurement of the ratio of three-body to two-body branching
fractions and the observation of the baryon-antibaryon threshold enhancement aid in theoretical
interpretations of baryon production in B decays.
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Figure 3: Projections of the 2-D fit in ∆E and mES for Λ+
c p candidates satisfying |∆E| < 0.04GeV

(left) and mES > 5.27GeV/c2 (right). The signal yield is 50 ± 8 events, with a significance of 9.4σ.

number of signal events. The background is described by the product of a linear function in ∆E
and a threshold function [16] in mES; the signal is described by a single Gaussian distribution in
each dimension. All parameters except the mES threshold are unconstrained in the fit to data.
We validate the fitting procedure on a combined sample of signal MC events (over a range of the
expected number of signal events) and “toy” MC events (generated according to the shape of the
continuum and BB MC background events) to ensure that the fit is robust and unbiased.

The results of the fit to data are shown in Figure 3; we obtain 50 ± 8 signal events and a
significance of

√
−2 ln (L0/Lmax) = 9.4σ, where Lmax is the maximum likelihood from the fit

result and L0 is the maximum likelihood when the signal yield is fixed to zero. The mean in ∆E
is shifted slightly below zero (−4.2 ± 2.7MeV); this shift is in the appropriate direction given that
the Λ+

c mass is constrained to the 2004 PDG value [7] which is approximately 1.5MeV lower than
the most recent measurement [17]. The ∆E resolution, 15.4 ± 2.1MeV, is slightly larger than, but
consistent with, the resolution in MC (13.6 ± 0.1MeV).

3.3 B− → Λ+
c pπ− Maximum Likelihood Fit

For the three-body B− → Λ+
c pπ− mode, a 2-D unbinned maximum likelihood fit is also performed.

Again, all parameters except the mES threshold are unconstrained in the fit to data. The back-
ground PDF is the same as in the two-body mode, but the signal PDF consists of a Gaussian in
∆E times a Gaussian in mES, where a correlation is allowed between the two observables. This
was not necessary in the two-body mode due to the limited number of signal events. The signal
PDF also contains an additional uncorrelated Gaussian component in ∆E with the same mean as
the correlated Gaussian but an independent width. This signal PDF was chosen from a study of
B− → Λ+

c pπ− signal MC events along with extensive studies of various PDFs using a combined
sample of signal MC and toy MC events. These studies showed this PDF to have the smallest bias:
−8± 2 events for 500 total signal events (the level of bias is consistent for a range of signal events).
The result of the fit to data with this PDF is shown in Figure 4. The signal yield from the fit is
571 ± 34 events and the ∆E resolution (RMS) is 19 ± 3MeV.
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Figure 4: Projections of the 2-D fit in mES and ∆E, for Λ+
c pπ− candidates satisfying |∆E| <

0.030GeV (left) and mES > 5.27GeV/c2 (right). This 2-D fit is used to extract the likelihood that
each event is a signal or background event. The signal yield is 571 ± 34 events.

3.4 B− → Λ+
c pπ− Yield Extraction and Efficiency Correction

We use the sPlot technique [18] (a sophisticated background subtraction method) to project out the
signal and background distributions separately based on the 2-D fit to ∆E and mES. We calculate
a signal weight for each event i according to the following equation:

Wi =
fs(mESi,∆Ei) + Vsbfb(mESi,∆Ei)

Nsfs(mESi,∆Ei) + Nbfb(mESi,∆Ei)
, (1)

where Wi is the sPlot weight, Ns(Nb) is the number of fitted signal (background) events, and
fs(fb) is the signal (background) PDF. Vsb is the off-diagonal element of a 2× 2 covariance matrix
calculated directly from data, with all parameters fixed to their fitted values except for the signal
and background yields. A background weight for each event can be calculated in an analogous
manner. The result of this method is that each event is assigned a signal and background weight,
which can be plotted for any quantity that is uncorrelated with ∆E and mES. The quantities
of interest that satisfy this requirement are the invariant masses mdidj , where di is any of the B
daughters Λ+

c , p, π−. The correlations of ∆E and mES with these quantities are less than 5%. The
sPlot method relies on using the events in the entire fit region to provide good sampling of both
signal and background. However, (background) events that have an invariant Λ+

c pπ− mass far from
the mass of the B meson have a different kinematically allowed Dalitz region than (signal) events
with an invariant Λ+

c pπ− mass close to mB. We calculate mdidj with a B mass constraint so that
all of the B candidates in the fit region lie in the same Dalitz region.

The detection efficiency for B− → Λ+
c pπ− events varies significantly across the Dalitz plane.

Therefore, using the average nonresonant MC efficiency (15.3%) to calculate the branching fraction
for this mode is insufficient. Instead, an efficiency correction is applied to each signal event based
on its location in the Dalitz plane. We divide the physical region into 215 equal-size bins and
determine the efficiency in each bin; a plot of this efficiency for m2

pπ vs. m2
Λcπ is shown in Figure 5.
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Figure 7: Dalitz plot projection onto the mΛcp axis with the requirement mΛcπ > 2.6GeV/c2,
removing the contribution from the Σc(2455)0. sPlot weighted, efficiency-corrected signal events
are shown. The baryon-antibaryon threshold enhancement is visible near 3.3GeV/c2.

Table 2: Comparison of the yields, efficiencies (effective for the three-body decay), and branching
fractions for B0 → Λ+

c p and B− → Λ+
c pπ−.

Mode Signal yield ε(eff) B

B0 → Λ+
c p 50 ± 8 20.2% (2.15 ± 0.36 ± 0.13 ± 0.56) × 10−5

B− → Λ+
c pπ− 571 ± 34 14.2% (3.53 ± 0.18 ± 0.31 ± 0.92) × 10−4

The systematic uncertainties on the number of BB pairs, the Λ+
c daughter p and K tracking, and

the Λ+
c daughter K and B daughter p particle identification all cancel, as does the uncertainty on

B(Λ+
c → pK−π+). This ratio is consistent with theoretical predictions.

6 SUMMARY

We report the branching fractions of two charmed baryonic B decay modes. Table 2 compares
the yields, efficiencies, and branching fractions of the two modes. The total three-body branching
fraction measured is significantly larger than that measured by Belle, but is still consistent with
(and perhaps provides stronger evidence for) the observation that the three-body mode is enhanced
over the two-body mode. The measurement of the ratio of three-body to two-body branching
fractions and the observation of the baryon-antibaryon threshold enhancement aid in theoretical
interpretations of baryon production in B decays.
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Figure 27: Projections of m(didj), where di is Λ+
c , p, π−. Each event is given a signal (left)

and background (right) sPlot weight. The Λ+
c p threshold enhancement is visible in (a), and the

Σc(2455)0 and Σc(2800)0 are visible in (c). Note that the Σc(2455)0 region is removed in (a).
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Figure 29: Projections of mΛcπ around the Σc(2455)0. Each event is given a signal (left) and
background (right) sPlot weight.
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Figure 30: Projections of mΛcπ around the Σc(2455)0. Each event is efficiency-corrected and
given a signal (left) and background (right) sPlot weight.
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Baryon Spin

• Most baryon JP quantum numbers have not 
been measured

– 3–

baryons in a given multiplet have the same spin and parity.

Each N or ∆ or SU(3)-singlet-Λ resonance calls for another

20 ′- or 20- or 4̄-plet, respectively.

The flavor symmetries shown in Fig. 2 are of course very

badly broken, but the figure is the simplest way to see what

charmed baryons should exist. For example, from Fig. 2(b), we

expect to find, in the same JP = 1/2+ 20 ′-plet as the nucleon,

a Λc, a Σc, two Ξc’s, and an Ωc. Note that this Ωc is not in the

same SU(4) multiplet as the famous JP = 3/2+ Ω−.
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Figure 2: SU(4) multiplets of baryons made
of u, d, s, and c quarks. (a) The 20-plet with
an SU(3) decuplet on the lowest level. (b) The
20 ′-plet with an SU(3) octet on the lowest level.
(c) The 4-plet.

Figure 3 shows in more detail the middle level of the 20 ′-plet

of Fig. 2(b); it splits apart into two SU(3) multiplets, a 3̄ and a

6. The states of the 3̄ are antisymmetric under the interchange

of the two light quarks (the u, d, and s quarks), whereas the

states of the 6 are symmetric under this interchange. We use a

prime to distinguish the Ξc in the 6 from the one in the 3̄.

July 27, 2006 11:28
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Exception:
J(!") = 3/2

PDG 2006

S. Majewski, Stanford University BNL Seminar
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Angular Analysis: 'c spin
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S. Majewski, Stanford University
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Angular Analysis: 'c spin
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Figure 32: Distribution of ∆ logL for pure signal events generated with a flat distribution (blue,
negative values) and a cos2 θ distribution (red, positive values).
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Spin 1/2 Spin 3/2

“pure signal” toy MC samples
1. Generate 500 toy MC 

samples for each spin 
hypothesis

2. Determine likelihood ! 
for each sample

3. Given a measurement of 
! in data, determine 
probability for 
acceptance/rejection of 
each hypothesis

S. Majewski, Stanford University BNL Seminar
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• B " B B (M) decays provide a laboratory for:

• insight into baryon production

• searches for exotic baryons

• spin measurements of (charmed) baryons

• searches for new physics

! (only if baryon production is understood)

• Look for more BABAR results this summer!

Active and Exciting Area of Research
at the B-Factories

Baryonic B Decays: 
Summary

S. Majewski, Stanford University BNL Seminar
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Heavy Flavor Averaging Group
March 2007

Compilation of B+ Baryonic Branching Fractions
All branching fractions are in units of 10−6; limits are 90% CL

In PDG2006 New since PDG2006 (preliminary) New since PDG2006 (published)

RPP# Mode PDG2006 Avg. BABAR Belle CLEO New Avg.

286 ppπ+ 3.1+0.8
−0.7 § 3.06+0.73

−0.62 ± 0.37 ‡ < 160 3.06+0.82
−0.72

289 ppK+ 5.6 ± 1.0 § 6.7 ± 0.5 ± 0.4 † 5.30+0.45
−0.39 ± 0.58 ‡ 6.10 ± 0.48

290 Θ++p ∗ < 0.091 < 0.09 < 0.091 < 0.09
291 fJ(2221)K+ ∗ < 0.41 < 0.41 < 0.41
292 pΛ(1520) < 1.5 < 1.5 < 1.5
294 ppK∗+ 10.3+3.6+1.3

−2.8−1.7 ‡ 10.3+3.6+1.3
−2.8−1.7 ‡ 10.3+3.8

−3.3

295 pΛ < 0.49 < 0.29 < 1.5 < 0.29
299 ΛΛπ+ < 2.8 ‡ < 2.8 ‡ < 2.8 ‡
300 ΛΛK+ 2.9+0.9

−0.7 ± 0.4 ‡ 2.9+0.9
−0.7 ± 0.4 ‡ 2.9+1.0

−0.8

† Charmonium decays to pp̄ have been statistically subtracted.
‡ The charmonium mass region has been vetoed. ∗ Product BF - daughter BF taken to be 100%:

Θ(1540)++ → K+p (pentaquark candidate);
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Heavy Flavor Averaging Group
March 2007

Compilation of B0 Baryonic Branching Fractions
All branching fractions are in units of 10−6; limits are 90% CL

In PDG2006 New since PDG2006 (preliminary) New since PDG2006 (published)

RPP# Mode PDG2006 Avg. BABAR Belle CLEO New Avg.

266 pp < 0.27 < 0.27 < 0.10 < 1.4 < 0.10
268 ppK0 2.1+0.6

−0.4 § 2.40+0.64
−0.44 ± 0.28 ‡ 2.40+0.70

−0.52

269 Θ+K0 † < 0.23 < 0.23 < 0.23
270 ppK∗0 < 7.6 ‡ < 7.6 ‡ < 7.6 ‡
271 pΛπ− 2.6 ± 0.5 § 3.30 ± 0.53 ± 0.31 3.27+0.62

−0.51 ± 0.39 < 13 3.29+0.47
−0.44

272 pΛK− < 0.82 < 0.82 < 0.82

273 pΣ
0
π− < 3.8 < 3.8 < 3.8

274 ΛΛ < 0.69 < 0.32 < 1.2 < 0.32

§Di-baryon mass is less than 2.85 GeV/c2; ‡ The charmonium mass region has been vetoed.
† Product BF - daughter BF taken to be 100%; Θ(1540)+ → pK0 (pentaquark candidate).
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Table 1: Branching fractions of neutral B modes producing baryons in units of 10−5, upper limits are at 90% CL. The latest
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html

Mode PDG 2006 Belle BABAR CDF Average

J/ψ(1S)p̄p < 0.083 < 0.083 < 0.190 < 0.083

Λ+
c
p̄ 2.20 ± 0.80 2.19 ±0.56

0.49 ±0.32 ± 0.57 2.15 ± 0.36 ± 0.13 ± 0.56 2.17 ± 0.53
Σ∗0

c
p̄π+ < 12.1 < 3.3

< 12.1 1

< 3.3 2

D∗0(2007)pp̄ 11.1 ± 1.3
12.0 ±3.3

2.9 ±2.1 6.70 ± 2.10 ± 0.82 ± 0.36 3c

11.00 ± 1.00 ± 0.90 4c

D0pp̄ 11.39 ± 0.91
11.8 ± 1.5 ± 1.6 12.40 ± 1.40 ± 1.16 ± 0.30 3b

11.30 ± 0.60 ± 0.80 4b

Σ∗++
c

p̄π− 16.0 ± 7.0 12.9±3.3

3.4

16.3 ±5.7
5.1 ±2.8 ± 4.2 1

12.0 ± 1.0 ± 2.0 ± 3.0 2

Σ0
c
p̄π+ 10.0 ± 8.0 14.0 ± 4.9

14.0 ± 2.0 ± 2.0 ± 4.0 2

< 15.9 1

Σ++
c

p̄π− 28.0 ± 9.0 21.8±5.1

5.2

23.8 ±6.3
5.5 ±4.1 ± 6.2 1

21.0 ± 2.0 ± 3.0 ± 5.0 2c

D+pp̄π− 33.8 ± 3.2
38.00 ± 3.50 ± 4.50 ± 0.95 3a

33.8 ± 1.4 ± 2.9 4a

D∗+(2010)pp̄π− 65 ± 16 48.1 ± 4.9
56.1 ± 5.9 ± 6.4 ± 3.6 3d

48.1 ± 2.2 ± 4.4 4d

Λ+
c
Λ−

c
K̄0 79 ±29

23 ±12 ± 41 79±52

49

Λ+
c
p̄π+π− 130 ± 40 110 ±12

12 ±19 ± 29 110 ± 37

1 STUDY OF EXCLUSIVE B DECAYS TO CHARMED BARYONS AT BELLE. (31.7M BB̄ pairs)
2 Study of the charmed baryonic decays B̄0

→ Σ++
c

p̄π− and B̄0
→ Σ0

c
p̄π+ (386M BB̄ pairs) ; 2c B0bar to Sigmac(2455)++ pbar pi

3 Measurement of the Branching Fraction for the decays B̄0
→ D∗+pp̄π−, B̄0

→ D+pp̄π−, B̄0
→ D̄∗0pp̄, B̄0

→ D̄0pp̄ (124M BB̄ pairs) ; 3a B̄0
→ D+pp̄π− ; 3b B̄0

→ D̄0pp̄ ; 3c B̄0
→ D̄∗0pp̄ ; 3d

B̄0
→ D∗+pp̄π−

4 Measurements of the Decays B0
→ D̄0pp̄, B0

→ D̄∗0pp̄, B0
→ D−pp̄π + −, and B0

→ D−pp̄π+ (232M BB̄ pairs) ; 4a B̄0
→ D+pp̄π− ; 4b B̄0

→ D̄0pp̄ ; 4c B̄0
→ D̄∗0pp̄ ; 4d B̄0

→ D∗+pp̄π−

1

Table 2: Product branching fractions of neutral B modes producing baryons in units of 10−5, upper limits are at 90% CL. The
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00203.html

Mode PDG 2006 Belle BABAR CDF Average

Λ−

c
Ξ+

c
[Ξ−π+π+] 9.3 ±3.7

2.8 ±1.9 ± 2.4 9.3±4.8

4.1

2
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Table 1: Branching fractions of charged B modes producing baryons in units of 10−5, upper limits are at 90% CL. The latest
version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html

Mode PDG 2006 Belle BABAR CDF Average

J/ψ(1S)Σ0p̄ < 1.10 < 1.10 < 1.10

J/ψ(1S)Λp̄ 1.18 ± 0.31 1.16 ± 0.28±0.18
0.23 1.16 ±0.74

0.53 ±
0.42
0.18 1.16 ± 0.31

D∗+(2010)pp̄ < 1.50 < 1.50
D+pp̄ < 1.50 < 1.50
Σ∗0

c p̄ < 4.6 < 4.6 < 4.6
Σ0

c p̄ < 8.0 < 9.3 < 9.3
Λ+

c p̄π− 21.0 ± 7.0 18.7 ±4.3
4.0 ±2.8 ± 4.9 35.3 ± 1.8 ± 3.1 ± 9.2 24.2±5.6

5.7

Λ+
c Λ−

c K− 65.0 ±10.0
9.0 ±11.0 ± 34.0 65 ± 37

Table 2: Product branching fractions of charged B modes producing baryons in units of 10−5, upper limits are at 90% CL. The
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html

Mode PDG 2006 Belle BABAR CDF Average

K−ηc(1S)[ΛΛ̄] 0.095 ±0.025
0.022 ±

0.008
0.011 0.10 ± 0.03

K−ηc(1S)[pp̄] 0.12 ± 0.04 0.14 ± 0.01±0.02
0.02 0.18 ±0.03

0.02 ±0.02 0.15 ± 0.02

K−J/ψ(1S)[ΛΛ̄] 0.20 ±0.03
0.03 ±0.03 0.20 ± 0.05

K−J/ψ(1S)[pp̄] 0.22 ± 0.01 0.22 ± 0.01 ± 0.01 0.22 ± 0.02 ± 0.01 0.22 ± 0.01

Λ−
c Ξ0

c [Ξ
−π+] 4.80 ±1.00

0.90 ±1.10 ± 1.20 4.8 ± 1.9

Table 3: Ratios of branching fractions of charged B modes producing baryons in units of 100, upper limits are at 90% CL. The
latest version is available at: http://hfag.phys.ntu.edu.tw/b2charm/00103.html

Mode PDG 2006 Belle BABAR CDF Average
B(B−→Λ+

c p̄π−)

B(B̄0→Λ+
c p̄)

16.4 ± 2.9 ± 1.3 16.4 ± 3.2

1
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